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ABSTRACT 
The study area is comprised of seven valleys which surround 
Railroad Ridge in the White Cloud Peaks of south-central Idaho. 
Reconstruction of the glacial history and patterns of ice 
deployment in this region is hindered by a scarcity of well 
preserved glacial deposits.  In some valleys the occurrence of 
glacial landforms is limited to a small number of isolated lateral 
moraines, and as a result, few stillstand positions can be inferred 
directly from glacial deposits.  Reconstruction is further impaired 
by the presence of the Railroad Ridge Gravels (Ross, 1929), which 
cap the area's divides and which are thought to pre-date canyon 
cutting and valley glaciation.  Due to the possibility of mass 
wastage of these gravels into the surrounding valleys, erratic 
material cannot always be used as a reliable indicator of the extent 
of valley glaciation. 
These conditions inhibit a detailed reconstruction of multiple 
ice advances and create uncertainty concerning the limits of valley 
glaciation.  Reconstruction consists of the modeling of ice margins 
on the basis of mappable moraines, till provenance, and theoretical 
concepts of glacial systems and ice dynamics. These margins are 
presented as the best estimate of the last major phase of glacia- 
tion in the study area.  In the Big Boulder Canyon System (Jim Creek 
and Big Boulder Canyons), margins are extended from cirques, frost 
shattered features, truncated forms, and lateral moraines, such 
that the resulting glaciers generate basal shear from 0.5 to 1.5 
bars while possessing Accumulation Area Ratios of 0.6 to 0.7. 
This reconstruction defines a Jim Creek lobe which remained within 
the confines of Jim Creek Canyon; the larger Big Boulder lobe 
advanced beyond the mouth of Jim Creek but did not extend into 
East Fork Canyon. Margins were similarly modeled in Little Boulder 
Canyon. The reconstructed lobe extends into East Fork Canyon, 
terminating at the mouth of Big Boulder Creek.  It is suggested 
that if the erratics which exist beyond these margins in East Fork 
Canyon are glacial in origin, that they were deposited by earlier, 
pre-canyon glaciers. 
Terminal ice positions in the Slate Creek Canyon System (Slate 
Creek, Livingston Creek, and Silver Rule Canyons) are inferred from 
moraines in Slate Creek and Silver Rule Canyons.  Based on the 
pattern of these moraines, it is suggested that ice in Slate Creek 
Canyon advanced to the mouth of Silver Rule Creek, and that the 
Silver Rule lobe terminated within its respective valley.  The 
extent of the Livingston Creek lobe (i.e. a terminus within Living- 
ston Creek Canyon vs. advance into Slate Creek Canyon) is not 
firmly established. 
In theorizing on the method of ice deployment, an investiga- 
tion of till provenance provides added perspective to the inter- 
pretation of moraine patterns and modeled ice margins. Trends 
suggestive of glacial flow patterns are recognized through 
qualitative and multivariate analysis of boulder, pebble, and 
heavy mineral count data collected from tills. 
In the Big Boulder Canyon System, pink intrusive boulders and 
pebbles are found only in tills of Big Boulder Canyon, and as a 
result, this lithology is thought to indicate flow sourced from 
the catchment area of Big Boulder Canyon. The distribution of tills 
containing this lithology suggests a model of ice deployment fox the 
Jim Creek and Big Boulder lobes which agrees with the reconstructed 
margins of valley glaciation. That is, the data implies that the 
Jim Creek lobe remained within its respective valley and did not 
merge with the larger Big Boulder lobe. 
In the Slate Creek Canyon System, tills of Silver Rule Canyon 
are distinguished from those in Livingston Creek and Slate Creek 
Canyons by provenance data.  Silver Rule Canyon tills contain 
volcanic boulders and pebbles and possess a high cpx-low tremolite 
content. Tills in Livingston Creek and Slate Creek Canyons lack 
volcanic boulders and pebbles; they contain a low percentage of cpx 
and a high percentage of tremolite. Sample populations formed by 
analysis of this data suggests that ice in Silver Rule Canyon 
advanced to the valley's mouth, where it abutted with a lobe in 
Slate Creek Canyon. This hypothesis disagrees with the interpre- 
tation based on moraine patterns and calls for additional sampling 
toward a resolution of the question of ice deployment in the Slate 
Creek Canyon System. 
Boulder, pebble, and heavy mineral provenance data allows for 
the differentiation of Railroad Ridge Gravels from valley tills. 
Gravels atop both Railroad Ridge and Red Ridge possess, in general, 
a higher biotite content than valley tills.  In addition, Railroad 
Ridge Gravels of Red Ridge contain a lower volcanic content and 
lower ratios of meta-sedimentary to intrusive boulders and pebbles 
than valley tills situated at lower elevations in lower Big 
Boulder Canyon. These characteristics suggest that additional 
gravel deposits, situated beyond the reconstructed ice margins of 
Big Boulder and Little Boulder Canyons but detached from the 
Railroad Ridge Gravels atop Red Ridge, are not dissected remnants 
of the ridge top deposit.  It is suggested that these deposits may 
be derived from an earlier glaciation which pre-dates the tills 
within reconstructed ice margins, but which is unassociated with 
the Railroad Ridge Gravels. 
INTRODUCTION 
Objectives 
This thesis is concerned with the glaciated valleys which 
surround Railroad Ridge in the White Cloud Peaks region of south- 
central Idaho. The project utilizes glacial mapping, ice modeling, 
and till provenance techniques in focusing on the following 
objectives:  1) detailed mapping of the glacial deposits of the 
study area, 2) differentiation of the Railroad Ridge Gravels from 
scattered valley tills and elevated gravels, and 3) reconstruction 
of the method of ice deployment. 
Location 
The location of the study area is shown in Figure 1. Canyons 
investigated include those which at the outset of the study were 
suspected of draining ice from the White Cloud Peaks. They are 
Jim Creek, Big Boulder, Big Lake, Slate Creek, Livingston Creek, and 
Silver Rule Canyons (Fig. 2).  Little Boulder and East Fork Canyons 
were reconnaissanced in less detail. 
The area is readily accessible to non-four wheel drive 
vehicles. A two lane paved road follows the East Fork of the 
Salmon River and unpaved but passable roads extend up Big Boulder 
and Jim Creeks to the top of Railroad Ridge, and up Slate Creek to 
a point 3.2 km. (2 mi.) north of its confluence with Livingston 
Creek. 
Stanley 
Figure 1. Location of the study area. This area is shown in more 
detail in Figure 2. 
Figure 2. Drainages investigated in this study. 
Physiography 
The area is physiographically diverse. The jagged and 
precipitous White Cloud Peaks provide a stark contrast to the flat 
and rolling morphology of Railroad Ridge and Red Ridge. The peaks', 
which reach elevations of over 3,352 m. (11,000 ft.), have been 
distinctly modified by glaciers. Abundant cirques are carved into 
the mountain sides at elevations up to 3,110 m. (10,200 ft.). 
Broad U-shaped valleys typify the drainages of the highland region. 
Railroad Ridge is approximately .8 km. (.5 mi.) wide and 3.2 km. 
(2 mi.) long, being elongate in an east to west direction.  Its 
smooth, flat surface is graded from an elevation of 3,170 m. 
(10,400 ft.) at its western end to 2,865 m. (9,400 ft.) in the east. 
Bedrock 
The bedrock of the area was originally mapped and described by 
Ross (1937). Subsequent work was done by Tschanz, Kiilsgaard, and 
Seeland (1974) and mapping by a number of U.S.G.S. workers (Hobbs, 
Batchelder, and Hall) is currently in progress.  Bedrock is 
divided into three principle types:  Paleozoic meta-sedimentary 
rock, Mesozoic intrusive rock, and Cenozoic volcanic rock (Fig. 3). 
The Paleozoic rocks are interbedded quartzites, meta-siltstones, 
and argillites.  Ross (1937) mapped these rocks as members of the 
Wood River and Milligan Formations of Mississippian and Permian 
age, respectively. However, his correlation with these units is 
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I    I  Surficial deposits 
Railroad Ridge Gravels of  Ross (1929)      ° 5 
N 
km.        A 
Cenozoic volcanic rocks 
(includes Challis Volcanics) 
Mesozoic  intrusive  rocks 
(includes grey and Pink quartz monzonite) 
Paleozoic meta- sedimentary   rocks 
(includes interbedded quartzites. meta-si Its tones, and argillites) 
Figure 3.    Generalized geologic map, after Tschanz,  Kiilsgaard,  and 
Seeland  (1974)  and Ross   (1937). 
now thought to be incorrect, and they are referred to only as 
the "Mississippian formation" and the "Permian formation" 
(Batchelder, pers. comm.).  It is not possible to assign glacially 
reworked boulders and pebbles from these stratigraphic units to 
individual formations, because both formations contain a number of 
lithological characteristics in common. As a result, pebbles and 
boulders were classified on the basis of lithology and not formation. 
The Mesozoic rocks are quartz monzonites. These rocks make up 
the highstanding White Cloud Peaks and they are thought to be 
connected with the main mass of the Idaho Batholith at shallow 
depth. Their color varies from grey to pink and grain size ranges 
from fine to coarse. 
All Cenozoic rocks in the map area are Challis Volcanics. They 
are highly variable in lithology and irregularly distributed 
throughout the area. That is, particular lithologies are not 
restricted to certain glaciated valleys. Thus, no attempt was 
made to further subdivide the Challis Volcanics in this study. 
A Contemporaneous Investigation 
Concurrent with this project, Ms. Susan Gawarecki, also of 
Lehigh University, is investigating the Railroad Ridge Gravels of 
Ross (1929) which are situated atop the area's divides. This work.^ 
which involves mapping the distribution of the deposits in con- 
junction with the application of provenance techniques, is 
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ultimately intended to determine the origin (glacial, glaciofluvial, 
fluvial) and source area of the gravels. Their distribution as 
mapped by Gawarecki and the author is discussed in this paper and 
included in Plate 1.  In addition, provenance data collected from 
ridge top gravels by Gawarecki is compared with provenance data 
from till deposits within the surrounding canyons. 
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PREVIOUS WORK 
Regional Glaciation: Rocky Mountains 
The well preserved glacial deposits of western Wyoming, 
particularly those of the Wind River Range, have been studied 
extensively throughout the twentieth century (Blackwelder, 1915; 
Richmond, 1941, 1948, 1962b, 1964, 1976; Holmes, 1949; Moss, 1949a, 
1949b, 1951; Holmes and Moss, 1955). The detailed model of 
glacial advance and retreat developed as a result of these studies 
has been correlated to glaciated localities throughout the Rocky 
Mountains; major works include Richmond (1972, 1976) and Pierce, 
Obradovich, and Friedman (1976) in Yellowstone National Park, 
Richmond (1964) in the Wasatch Mountains, Richmond (1962a, 1965) in 
the La Sal Mountains, Richmond (1960a) in Glacial National Park, 
and Richmond (1960b), Benedict (1968), Birkeland and Miller (1973), 
Madole (1976, 1980), and Nelson, et al. (1979) in the Colorado 
Front Range. These correlations are based on the assumption that 
the climatic conditions which caused glaciation in one mountain 
range influenced the rest of the Western Cordilleran in a similar 
manner. This model, termed the "Rocky Mountain Glacial Model" 
(summarized by Mears, 1974), is presented here in order to describe 
the character of past alpine glaciations in the Rocky Mountains and 
to provide regional perspective to the study area's deposits, 
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Blackwelder's initial study of the glacial deposits in 
western Wyoming presented the framework for future investigations 
in the Rocky Mountains (Blackwelder, 1915). He stated that the 
deposits of western Wyoming represent three different glaciations. 
He called the oldest glaciation the "Buffalo Glacial Stage" and 
tentatively correlated it with the Kansan or Illinoian of the 
Midwest. He assigned the younger glaciations to the early and late 
Wisconsin, naming them "Bull Lake" and "Pinedale", respectively. 
Blackwelder included in this beginning framework the possibility 
that more detailed study could yield further subdivisions in age 
classification. 
Pre-Bull Lake Glaciations 
Blackwelder's initial work concerning the "Buffalo Glacial 
Stage" has since been modified.  Richmond (1962b, 1964, 1965, 1976) 
reassigned the type "Buffalo Till" to the Pinedale Stage and 
discarded the term "Buffalo", naming three pre-Bull Lake glacia- 
tions from three superposed tills in the eastern Wind River Range. 
From oldest to youngest, the tills and the glaciations from which 
they were derived are named "Washakie Point", "Cedar Ridge", and 
"Sacagawea Ridge". 
According to Richmond (1965), the Washakie Point and Cedar 
Ridge glaciers were upland ice sheets which behaved independently 
of the shallow, immature mountain valleys.  In the middle and 
northern Rocky Mountains, these ice masses descended into the 
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lowlands and formed broad piedmont lobes. Sacagawea Ridge 
glaciers were confined to deeper valleys developed by erosion 
during the Cedar Ridge-Sacagawea Ridge interglacial period. 
Moraines of the Sacagawea Ridge Glaciation lie on canyon floors and 
extend outward to pediment surfaces, outlining large piedmont lobes. 
Because pre-Bull Lake deposits have been subjected to long 
periods of weathering and erosion, Washakie Point, Cedar Ridge, and 
Sacagawea Ridge Tills can only be distinguished from each other if 
they are superposed in section.  Richmond (1965) described drifts 
of these ages as subdued in surface form and patchy in distribution, 
with scattered boulders often serving as the only remnants of the 
deposits' original extent. The surface weathering zone of pre-Bull 
Lake tills is deep and well developed. Richmond (1957, 1965) stated 
that due to the long duration of weathering, resistant quartz-rich 
rocks are concentrated at the expense of more weatherable lithologies. 
Below the surface weathering zone, pre-Bull Lake tills are more 
compact and contain a higher percentage of silt and clay than 
younger deposits. 
Relative and absolute ages of pre-Bull Lake tills are 
tentative.  Richmond (1957) stated that the Washakie Point, Cedar 
Ridge, and Sacagawea Ridge Glaciations may be the equivalent of the 
Nebraskan, Kansan, and Illinoian Stages of the midwest.  Birkeland, 
et al. (1971) presented K-Ar dates compiled from Yellowstone National 
Park by U.S.G.S. staff members. A date of 600,000 yrs. B.P. is 
suggested for the Cedar Ridge Glaciation, while a minimum date of 
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290,000 yrs. B.P. is assigned to the Sacagawea Ridge Till. 
Deposits of the post-Sacagawea Ridge interglacial are dated at 
180,000 yrs. B.P. and greater than 120,000 yrs. B.P. 
Bull Lake Glaciation 
Blackwelder (1915) first identified a single phased Bull Lake 
Glaciation from till located at Bull Lake in the Wind River Range. 
Since Blackwelder, Richmond (1948), Holmes (1949), Moss (1949b, 
1951), and Holmes and Moss (1955) have all found evidence for two 
Bull Lake advances in the Wind River Mountains. Subsequent to 
these investigations, Richmond (1964), also working in the Wind 
River Range, noted three Bull Lake stillstand positions. Terminal 
Bull Lake moraines and their lateral equivalents outline valley 
glaciers which in most instances did not extend beyond the mountain 
margins. This glaciation was not as extensive as the pre-canyon 
ice sheets of pre-Bull Lake time, but most Bull Lake glaciers 
advanced beyond the down valley limits of younger Pinedale glaciers. 
Blackwelder (1915) stated that terminal moraines of the Bull 
Lake Glaciation are interrupted by broad, flat bottomed stream 
valleys and that their lateral equivalents are sharply notched by 
tributary streams.  Despite the dissection, Bull Lake moraines are 
massive. Holmes and Moss (1955) noted Bull Lake moraines 61 m. 
(200 ft.) to 152 m. (500 ft.) in height.  Knob and kettle topo- 
graphy is recognizable on the surface of Bull Lake moraines, but 
it is subdued, and the kettles are drained and filled with 
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colluvium.  Bull Lake moraines are not as sharply crested as the 
younger Plnedale moraines, and although boulders are abundant, 
they are more weathered and not as numerous as the boulders on 
younger moraines. 
Presently, there is no firm agreement on the absolute age of 
the Bull Lake Glaciation.  Based on K-Ar data collected from 
rhyolite flows in Yellowstone National Park, Richmond (1972) dated 
the Early Bull Lake Stade from 125,000 yrs. B.P. to 115,000 yrs. 
B.P. and the Late Bull Lake Stade at 70,000 yrs. B.P. He also 
dated material associated with a warmer intervening period at 105,000 
yrs. B.P. Pierce, Obradovich, and Friedman (1976), also using K-Ar 
methods in Yellowstone, dated a post Bull Lake rhyolite flow at 
107,000 yrs. B.P. and a Bull Lake moraine at 145,000 yrs. B.P. 
r 
Pinedale Glaciation 
Blackwelder (1915) named the Pinedale Glaciation from a 
number of moraines surrounding the lakes in the vicinity of Pinedale, 
Wyoming.  The Pinedale Glaciation was, for the most part, less exten- 
sive than the older Bull Lake Glaciation. However, in some 
instances, Pinedale glaciers overrode and breached Bull Lake 
moraines. Within the Pinedale Glaciation, different workers have 
recognized varying numbers of stades, indicating that fluctuations 
of Pinedale ice, especially minor recessional activity, are not 
identical between mountain ranges or between valleys of the same 
range. Richmond (1948), Moss (1949b, 1951), and Holmes and Moss 
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(1955) recognized from one to three principle stillstand posi- 
tions of Pinedale ice in different valleys of the Wind River 
Mountains. These positions are inferred from prominant Pinedale 
moraines.  Interspersed among the larger moraines are varying 
numbers of smaller, recessional moraines, representing minor 
stillstands of the retreating ice front.  Richmond (1965) has since 
stated that, in general, Pinedale moraines in the Rocky Mountains 
indicate an early, middle, and late stade of glaciation. 
Pinedale moraines are steep, rough, and hummocky.  Unlike the 
broken up and disjointed Bull Lake moraines, terminal and lateral 
moraines of Pinedale age are still complete, with a topography that 
is little modified.  Boulders situated on Pinedale moraines are more 
abundant and fresher than those of older moraines. Many boulders 
still possess striations and carbonate boulders show little or no 
signs of dissolution.  Pinedale Till is relatively fresh, loose, 
and sandy, with a thin soil development. 
Estimates of the age of the Pinedale Glaciation are derived 
from a variety of dating techniques applied to deposits of two 
principle areas: Yellowstone National Park and the Colorado Front 
Range.  In Yellowstone, Richmond (1972) obtained a radiocarbon 
date from lake beds which suggest a maximum age of 29,000 ± 1,000 
yrs. B.P. for the Pinedale Glaciation. Using hydration rind dating 
techniques on glacially fractured obsidian in Yellowstone, Pierce, 
Obradovich, and Friedman (1976) dated early Pinedale deposits at 
40,000 yrs. B.P. to 30,000 yrs. B.P., and middle Pinedale moraines 
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at 20,000 yrs. B.P. to 12,000 yrs. B.P.  In the Colorado Front 
Range, Nelson et al. (1979) radiocarbon dated peat deposits and 
interstadial lake beds; these dates suggest that the Pinedale 
Glaciation took place from greater than 30,000 yrs. B.P. to 13,700 
yrs. B.P. Madole (1980) also applied radiocarbon dating techniques 
to deposits associated with the Pinedale Glaciation in the Front 
Range. He proposed that the Pinedale Glaciation had terminated by 
at least 10,000 yrs. B.P. and that Pinedale glaciers receded from 
their terminal moraines into their respective cirques in no more 
than 4,000 yrs. 
Neoglacial Glaciation 
From two moraines in the Temple Lake valley of the southern 
Wind Rivers, Moss (1949a, 1949b) defined the 'Temple Lake Stade" 
after the terminology of Howard and Hack (1943). According to 
Moss, the advance represents a "climatic swing" following the 
Pinedale maximum and predating the climatic optimum. The moraines 
are upvalley from the more prominant Pinedale moraines, being 
.8 km. (.5 mi.) to 3.3 km. (2 mi.) down valley from the cirque 
headwalls. Temple Lake lateral moraines are continuous from the 
terminal positions to the cirques. Holmes and Moss (1955) stated 
that the moraines are steep fronted and broad, being 18 m. (60 ft.) 
to 21 m. (70 ft.) in height. Surface boulders contain large 
lichens and limonite staining is intermediate in depth between the 
older Pinedale and the younger Neoglacial deposits. 
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Moss (1949b) also noted a series of deposits upvalley from 
the type Temple Lake moraines, existing within 305 m. (1,000 ft.) 
of the cirque headwalls. There is no soil formation or limonite 
staining on these cirque moraines, and they are covered with 
precariously balanced, unweathered boulders. From this field 
evidence and from written accounts of early explorers, Moss reasoned 
that the cirque moraines formed in the last two centuries, after the 
climatic optimum. He introduced the term "Neoglaciation" to 
represent their time of formation. 
In the Colorado Front Range, deposits representing three 
substages of the Neoglaciation are dated by Benedict (1973) through 
lichenometric and radiocarbon techniques. From oldest to youngest, 
the substages are named "Triple Lakes" (5,000 to 3,000 yrs. B.P.), 
"Audubon" (1,850 to 950 yrs. B.P.), and "Arapaho Peak" (300 to 
100 yrs. B.P.). 
The Temple Lake-Neoglacial chronology has been the object of 
much debate. Mears (1974) stated that despite conflicts, the 
overall evidence in the Rocky Mountains supports the original 
hypothesis of Moss (1949a, 1949b); that is, the existence of a 
pre-Altithermal, post Pinedale glacial episode. 
Local Glaciation: Central Idaho 
Despite the abundant evidence of mountain glaciation through- 
out Idaho, there have been few detailed investigations in this 
state.  Presented in this section are the most detailed studies 
done in the vicinity of the study area in central Idaho. 
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In the Lemhi Mountains, 125 km. (75 mi.) east of the study 
area, Ruppel and Hait (1961) found evidence for four separate 
glacial advances. The oldest glaciation, which predated canyon 
cutting, was also the most extensive.  Deposits of this advance 
exist as a thin gravel veneer which lacks glacial form; these 
deposits are situated atop interstream divides, "well out in front 
of the moraines of succeeding glaciations" (Ruppel and Hait, 1961). 
Subsequent glaciations took place following a major erosional 
episode which left the topography much like it appears today 
(minus the effects of alpine glaciation), with each successive 
glaciation being less extensive than the one preceding it. The 
last glaciation was restricted to a few, small, sheltered cirques. 
Knoll (1973) and Knoll and Dort (1973) also assigned glacial deposits 
in the Lemhi Mountains to four separate glacial stages. They 
correlated these deposits with those in the Wind Rivers and, on 
the basis of this correlation, designated two pre-Bull Lake stages, 
a Bull Lake Stage, a Pinedale Stage, and a Neoglaciation. They 
further subdivided the Bull Lake and Pinedale Stages and Neoglacia- 
tion into a number of stades "on the basis of cross-cutting or 
overriding relationships with the next older topographic or strati- 
graphic unit" (Knoll and Dort, 1973). 
Williams stated that the mountains surrounding Stanley Basin, 
30 km. (18 mi.) west of the study area, were subjected to two major 
glaciations. He correlated these glaciations to the Bull Lake and 
Pinedale Glaciations of the Wind River Range.  Williams stated that 
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in descending from the surrounding peaks, Bull Lake glaciers spread 
laterally, coalescing into a continuous ice front on a broad 
piedmont lowland.  In contrast, Pinedale glaciers were effectively 
channeled by the more mature mountain valleys, and thus, they 
existed as distinct ice tongues which extended to approximately 
the same limits as those of Bull Lake ice. 
Detailed investigations have been conducted in three glaciated 
basins in the headwaters of the Big Lost River, situated in the 
northern Pioneer Mountains, 50 km. (30 mi.) southeast of the study 
area. These basins are the Copper Basin, Wildhorse Canyon, and the 
North Fork of the Big Lost River.  From the glacial deposits in the 
Copper Basin, Wigley (1976) defined three separate phases of ice 
advance and correlated them to the Bull Lake, Pinedale, and Neo- 
glacial Glaciations of the Wind River Range. He also found evidence, 
although inconclusive, suggestive of a fourth, earlier glaciation. 
Pasquini (1976) utilized surface boulder, pebble, and heavy mineral 
provenance data in assigning tills of the Copper Basin to five major 
source areas. His investigation documented detailed aspects of ice 
deployment. These include up-canyon, divide crossing, and basin 
crossing flow patterns.  In Wildhorse Canyon, to the west of the 
Copper Basin, Stewart (1977) correlated glacial deposits to the 
pre-Bull Lake, Bull Lake, Pinedale, and Neoglacial Glaciations of the 
Wind River Range. Deposits mapped by Stewart indicate advance of 
the Wildhorse Canyon Glacier into the valley of the East Fork of 
the Big Lost River, resulting in an ice dam and the formation of a 
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large lake in the East Fork drainage. Brugger (in prep.) has since 
assigned tills of the Wildhorse Canyon drainage to two separate 
source areas through the application of provenance techniques. 
Brugger has also modeled dynamics of glacial flow and mass balance 
relationships as they appeared during the glacial maximum in this 
drainage. Cotter (1980) mapped the glacial deposits in the North 
Fork of the Big Lost River, which drains the area immediately west 
of Wildhorse Canyon. He found evidence for three separate glaciations 
and developed a relative age stratigraphy and stratigraphic nomen- 
clature unique to the deposits of the North Fork drainage. From 
oldest to youngest, he named the glaciations "Kane Advance", "North 
Fork Advance", and "Neoglacial". He stated that deposits of these 
advances may be correlative to deposits of the Bull Lake, Pinedale, 
and Neoglacial Glaciations in Wildhorse Canyon and the Copper Basin, 
but he refrained from long distance correlations with deposits in 
other mountain ranges. Repsher (1980) defined four different source 
areas for the tills of the North Fork drainage. Her investigation 
of the provenance of these deposits has led to the reconstruction of 
flow paths and ice marginal positions of the principle ice lobes in 
the glaciated valleys of the North Fork. The provenance of the 
glacio-fluvial sediments derived from the North Fork, Wildhorse 
Canyon, and Copper Basin drainages is being presently investigated 
by Pankos (in prep.). 
Glacial studies in the White Cloud Peaks have been restricted 
to the high elevation gravels which cap the western end of Railroad 
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Ridge (Ross, 1929, 1937, 1962).  These deposits exist at altitudes 
above 3,010 m. (10,000 ft.), which is more than 305 m. (1,000 ft.) 
above current stream level. The abundance of boulders and the un- 
stratified, angular nature of the gravels caused Ross to argue 
against a fluviatile origin. Ross stated that if these deposits 
were fluvial, the stream would have to be of torrential velocity and 
would have to drain an upland area great enough to supply such a 
large amount of debris. However, Ross could envision no such upland 
area.  In addition, the blanket shape of the deposit did not suggest 
to him the confines of a stream valley. These factors, along with 
a predominantly granitic composition, indicated to Ross a glacial 
origin, with flow originating in the granitic terrain of the head- 
waters of Big Boulder Creek and being directed toward the northeast. 
This hypothesis suggests an early glaciation, one which pre-dates 
fluviatile downcutting and valley glaciation in the current drainages 
around Railroad Ridge. Ross tentatively assigned the gravels to the 
Nebraskan Stage. 
Little work has been done in mapping the glacial deposits in 
the valleys surrounding Railroad Ridge. Ross (1937) stated that 
post glacial stream activity has mixed much of the drift with 
alluvium and has altered and smoothed over many of the valleys' 
moraines. He concluded that valley glaciers in the Bayhorse Region 
(in which the map area is included) did not extend below 2,107 m. 
(7,000 ft.), and in some valleys, did not extend below 2,408 m. 
(8,000 ft.). 
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Provenance Investigations 
Until recently, most provenance work has focused on continental 
glaciation in the midwest.  The bedrock variability in the midwest 
allows workers to characterize deposits of different glacial lobes 
on the basis of pebble lithologies and heavy mineral types. Signifi- 
cant contributions in this subject include: Arneman and Wright 
(1959) in Minnesota, MacClintock (1933), Anderson (1955), and Willman, 
et al. (1963) in Illinois, Anderson (1957) in the Central Lowlands, 
and Dreimanis, et al. (1957) in Ontario. 
Provenance investigators have long considered the distance that 
a glacier transports material important relative to the interpreta- 
tion of provenance data.  Deposits with a distant source reveal much 
about a glacier's pattern of flow, whereas deposits composed only of 
the immediate bedrock have limited use in provenance work.  In an 
early study, Salisbury (1900) stated that deposits are locally 
derived.  Flint (1947) reiterated this opinion, and Kruger (1937) 
and Holmes (1952) presented data supporting the local derivation of 
glaical deposits. However, numerous workers (Krumbein, 1933; 
Gravenor, 1951; Anderson, 1955, 1957) stated that distance of trans- 
port is dependent on many independent factors which are unique to 
every glacial environment.  These factors include not only the areal 
and topographic distribution of lithologies, but also, the many 
processes involved in active transport. Gravenor (1951), Shepps 
(1953), and Dreimanis and Vagners (1971) considered particle size as 
a function of glacial transport. They indicated that finer particles 
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reflect long term comminution and therefore suggest a more distant 
source than larger clasts. 
Provenance techniques have only recently been applied to 
alpine settings. Clague (1975) stated that the distribution of 
pebbles and heavy minerals reflect the general patterns of a trunk 
glacier and its numerous tributaries in the southern Rocky Mountain 
Trench in British Columbia. Evenson, et al. (1979) stated that 
much of the detail in mountain glaciation can only be revealed 
through provenance work in conjunction with glacial mapping.  In the 
northern Pioneer Mountains of south-central Idaho, their approach 
documented up-canyon flow, flow across divides, and flow oblique to 
earlier trends.  Provenance also revealed ice rafting and jokulhaup 
activity. 
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METHODS 
Field Work and Laboratory Analysis 
The field phase of the project was four weeks long, from late 
July to late August, 1980.  Preliminary work consisted of the 
establishment of a field station and procurement of air photos from 
the U.S. Forest Service in Ketchum, Idaho.  In addition, time was 
spent in the familiarization of bedrock lithologies and in a 
general reconnaissance of the area's surficial deposits. 
Following this initial work, the distribution of glacial, 
glaciofluvial, and related surficial deposits was mapped on 1:24,000 
topographic base maps. This was done through direct field investi- 
gation and air photo interpretation. 
Provenance data was collected from 35 sample sites in till 
deposits of six different valleys (Fig. 4). These valleys are 
Slate Creek, Livingston Creek, Silver Rule Creek, Jim Creek, Big 
Boulder Creek, and Little Boulder Creek. At designated sample 
sites, 50 to 100 pebbles and 1 kg. of till matrix were collected 
from a dug 90 cm. deep pit. The pebbles (5-8 cm.) were broken and 
categorized on the basis of lithology, and the till matrix sample 
was bagged and stored for laboratory use.  Finally, the lithologies 
of 33 to 100 boulders in a ten square meter area surrounding the 
pit was recorded.  Lithologic classifications of surface boulders 
and pebbles include grey quartz monzonite, pink quartz monzonite, 
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Figure 4.  Locations of provenance sample sites. 
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quartzite, meta-siltstone, argillite, and Challis Volcanics.  In 
the field, the intrusives were further subdivided on the basis of 
grain size (coarse, medium, and fine) and the Challis Volcanics 
were categorized on the basis of color and phenocrysts present. 
However, these distinctions proved highly variable within and • 
between canyons and they are not included in this study. 
In the laboratory, the matrix was disaggregated by hand and 
wet sieved in order to wash the clays from the grain surfaces. The 
washed matrix was then dry sieved and the three phi size fraction 
was retained for heavy mineral analysis. The three phi fraction 
was added to a column of tetrabromoethane-dimethylforraanide solution 
(S.G. 2.75). After a 12 hour settling period, the heavy minerals 
were collected from the bottom of the column, washed in acetone, 
and mounted with Canadian Balsam on a petrographic slide. With the 
petrographic microscope, 400 grains were identified from each slide. 
Heavy mineral types identified include: cpx (diopside-augite), 
tremolite, epidote, hornblende, biotite, apatite, sphene, garnet, 
hypersthene, zircon, muscovite, and unidentifiably altered grains 
(alterite). 
Boulder, pebble, and heavy mineral count data from gravels 
atop Railroad Ridge and Red Ridge were compiled by Gawarecki. 
Fifteen sample sites located atop Railroad Ridge (samples A, B, C, 
D, E, F, G, H, I, J, K, M, and N) and eight sample sites from 
across the length of Red Ridge (samples A2, C2, D2, E2, F2, G2, H2, 
and 12) were utilized in a comparison with data from the valleys        •__ 
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(I;ig. 4).  For ease in comparing ridge top deposits with valley 
tills, subdivisions made among intrusive, meta-sedimentary, and 
extrusive rock types were grouped according to these three singular 
categories.  Heavy mineral samples processed by Gawarecki were 
counted by the author for the purpose of consistency in identifi- 
cation. 
Statistical Treatments 
Quantitative analysis of provenance data was conducted through 
the use of R-mode factor analysis and Q-mode cluster analysis. 
R-mode factor analysis scans the data for those combinations of 
variables which are responsible for variation in the sample popula- 
tion.  These combinations, called factors, are continually created 
by the analysis until their added effect accounts for approximately 
80% of the total variance.  Within each factor, the variables are 
assigned numerical loadings, ranging from -1 to 1, which gauge the 
relative significance of each variable in that particular factor. 
Figure 5 is an example of a factor diagram.  In this case, variables 
1, 5, and 9 are most significant to this factor (because they have 
high loading values) and variable 5 is inversely related to variables 
1 and 9.  Also, this factor accounts for 33.9% of the total 
variance. 
In addition, the analysis provides normalized factor measures 
based on the loading values assigned to the sample for each factor. 
Q-mode cluster analysis groups these normalized factor measures 
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Figure 5. Sample factor diagram. 
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into statistically similar populations through the use of a 
distance function.  Figure 6 is an example of one such cluster 
diagram. These populations were then studied to see if statistical 
trends were also geographic, thereby suggesting possible flow 
patterns. More detailed explanations of the R-mode factor analysis 
and the Q-mode cluster analysis are presented by Klovan (1975) 
and Parks (1970), respectively. 
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Figure 6. Sample cluster diagram. 
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RESULTS AND DISCUSSION:  MAPPING THE GLACIAL DEPOSITS 
Introduction 
Two fundamental points should be understood in discussing the 
glacial deposits of the study area.  First, although scattered till 
remnants are relatively common, the occurrence of mappable moraines 
is extremely limited. This may be due to 1) nondeposition of 
morainic landforms (i.e. a rapid retreat without stillstands or 
readvances of the ice margin to produce moraines), 2) post glacial 
stream modification, landslide activity, etc., or 3) a combination 
of these two processes. Those moraines that are present do not 
allow for a detailed reconstruction of the deglaciation history of 
the area. As a result of the lack of distinct morphologies and 
retreat positions, deposits are not assigned relative ages. Their 
distribution is discussed and ice margins are reconstructed, but a 
morphostratigraphy is not defined. 
Second, because erratic debris (Railroad Ridge Gravels of Ross, 
1929) is situated atop the area's divides and on some of the more 
elevated valley walls, the upper or down valley limit of erratics 
found within a glaciated canyon does not always indicate the limit 
of valley glaciation. Although the specific origin of the Railroad 
Ridge Gravels is not firmly established, they are thought to pre- 
date canyon cutting and valley glaciation. Where the record of 
valley glaciation is poorly defined (i.e. where definite moraine 
loops are absent), it is not always possible to differentiate 
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slumped or otherwise mass moved Railroad Ridge Gravels from 
deposits emplaced by valley glaciers. This creates some uncer- 
tainty in estimating the limits of valley glaciation. 
Big Boulder Canyon System 
Jim Creek Canyon 
Surficial deposits mapped in the Big Boulder Canyon System 
(Jim Creek Canyon and Big Boulder Canyon) are presented in Plate 1. 
As previously stated, deposits derived from different phases of 
glacial advance cannot be differentiated in most valleys of the 
study area. This is well demonstrated in Jim Creek Canyon, as most 
of the till is flat or gently rolling and few moraines can be 
identified.  In the upper reaches of this valley it was possible to 
identify one end moraine remnant (elevation 2,736 m. (9,000 ft.)) 
and two lateral moraines (elevations 2,840 m (9,320, ft.) and 
(9,200 ft.)).  Figure 7 is a photograph of these three moraines. 
The moraines delineate three separate ice marginal positions, as 
they are situated at different levels in the valley and cannot be 
connected with one another. The terminal moraine may mark a 
recessional position of a more extensive advance. Alternatively, 
it could be the terminus of a later glaciation, one which post 
dates the advances defined by the lateral moraines. The lateral 
moraines are significant because they denote two past ice levels 
on a slope in which erratic material is not a reliable indicator of 
the upper limits of valley glaciation; erratic debris is 
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Figure 7. Moraines (denoted by dashed lines) in upper reaches of Jim Creek Canyon. 
View is toward the northeast. The skyline of the ,ridge is composed of Railroad 
Ridge Gravels. 
distributed from the base of the northern valley wall to the crest 
of Railroad Ridge.  The upper lateral moraine is less extensive 
than the lower moraine. The lower lateral, although heavily 
colluviated, can be traced farther down valley as a subdued break 
in slope on the valley wall. However, it is not possible to trace 
these lateral moraines to their end moraine equivalents; in a down 
valley direction the northern wall steepens to such an extent that 
any glacial material which may have been deposited against it has 
since been eroded away. Thus, the down stream extent of ice in 
Jim Creek Canyon is undefined. Glacial limits are further obscured 
in the lower part of this valley by a landslide, sourced from the 
interfluve of Jim Creek and Big Boulder Creek, which has filled in 
much of the southern side of lower Jim Creek Canyon. 
Big Boulder Canyon 
There are 16 cirque forms in the broad and expansive catchment 
area of Big Boulder Canyon.  Ice which flowed out of this catchment 
deposited till around two prominant rock bars in upper Big Boulder 
Canyon (that segment of the valley above the confluence with Jim 
Creek Canyon is herein termed "upper Big Boulder Canyon").  Till is 
located in the basins which exist upvalley and adjacent to each of 
the two rock bars, but ice scoured the high standing bedrock, 
depositing only boulders across its surface. These rock bars dammed 
the deglacial drainage and caused their upvalley basins to be 
partially filled with outwash.  Lateral moraines are situated on both 
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walls of this valley. On the southern wall there is a sharply 
crested, elongate, and narrow moraine; the moraine is labeled "A" 
on Plate 1.  Its elevation is used as a data point from which ice 
margins are extended both into the catchment area and down valley. 
These margins are discussed more fully in the following section 
(p. 39-50). Any glacial material which may have been deposited 
down valley from the bedrock outcropping of upper Big Boulder Canyon 
has been obliterated by two landslides. The first slide is sourced 
in the vicinity of Little Redfish Lake and extends down the southern 
valley wall as a lobate form. The second, directly north of the 
Redfish Lake slide, is sourced from the interfluve between Jim 
Creek and upper Big Boulder Creek. This slide has spilled debris 
into both upper Big Boulder and Jim Creek Canyons near their point 
of confluence. 
From its confluence with Jim Creek Canyon to its junction with 
the East Fork, Big Boulder Canyon (herein termed "lower Big Boulder 
Canyon") undergoes a transformation in valley form. Near its con- 
fluence with Jim Creek the valley exhibits classic glacial features, 
being wide and U-shaped.  However, in a down valley direction stream 
dissection has incised a progressively deeper V-shaped notch into 
the bottom of the U-shaped valley. This valley-in-a-valley reaches 
a depth of approximately 24 m. (80 ft.) at the East Fork confluence. 
Glacial deposits on the floor of lower Big Boulder Canyon are 
obscured in many places by alluvial fans and landslides; in other 
areas they have been removed by stream dissection. Near the 
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Livingston Mill, Jim and Big Boulder Creeks have filled the valley 
bottom with a broad plain of alluvium.  Intermittant streams from 
the steep northern wall have also contributed alluvium in the form 
of fans, which prograde outward across the floor.  A cut in an 
outwash terrace across valley from these fans (labeled "F" on 
Plate 1) exposes a 1.5 m. (5 ft.) thickness of outwash overlying 
till.  Down stream from this exposure the valley floor is blanketed 
with a flat to gently rolling stretch of till. Three lateral 
moraines, labeled "B", "C", and "D" on Plate 1, exist in the form 
of steeply fronted benches of till plastered against the northern 
valley wall.  A fourth moraine, labeled "E" on Plate 1, is located 
on the southern wall; drainage along this slope has dissected the 
moraine into three segments.  It is not possible to trace the 
deposits of lower Big Boulder Canyon to stillstand positions because 
in a down stream direction post glacial downcutting has incised the 
valley to such an extent that any glacial landforms (i.e. cross 
valley moraines or graded outwash plains)*" which may have been 
deposited near the mouth of Big Boulder Creek have since been 
eroded away. 
Additional erratic material is infrequently scattered along 
the walls of lower Big Boulder Canyon, but because they are not 
associated with glacial landforms, patches of erratic debris exposed 
in roadcuts and perched at high elevations on the valley slopes are 
not reliable indicators of valley glaciation. Such material may be 
associated with processes (glacial, glaciofluvial, or fluvial) that 
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pre-date canyon cutting and valley glaciation. Also, erratic 
material close to stream level could be the result of post glacial 
fluvial activity. 
Reconstructed Ice Margins in the Big Boulder Canyon System 
Because moraines and erratic material cannot be used to 
determine terminal ice positions, a model utilizing principles of 
glacial systems and ice dynamics is constructed as a first order 
approximation of the extent to which ice filled the valleys and 
advanced down stream. This model is presented in Figure 8. The 
general outline of these glaciers is based on the elevations of 
lateral moraines; these include the upper lateral moraine on the 
northern wall of Jim Creek Canyon (shown in Fig. 7) and moraines 
"A", "B", "C", "D", and "E" of Plate 1 in Big Boulder Canyon. These 
moraines are situated in unstable positions, as they are plastered 
against steep valley walls.  It does not seem likely that they 
could exist for a long period of time before being removed by 
erosion and mass wastage.  For this reason, it is suggested that 
they are relatively young deposits and that Figure 8 is the best 
estimate of the last major phase of glaciation, one which is per- 
haps correlative to the Pinedale Glaciation of western Wyoming. 
Deposits which exist beyond the ice margins of Figure 8 may be 
derived from an ice advance correlative to the Bull Lake Glaciation, 
or perhaps an even earlier glacial episode. There is an additional 
lateral moraine, located across valley from moraine "A" in upper 
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Figure 8. Reconstructed ice margins in the Big Boulder Canyon System. 
Big Boulder Canyon, which is not utilized in this model.  Because 
this moraine is 61 m. (200 ft.) lower in elevation than moraine "A", 
it is thought to be a younger deposit which is not time equivalent 
to the model of Figure 8. 
Margins in the catchment areas are based on the distribution 
of cirques and the elevations of truncated forms and frost shattered 
features on the valley walls. These data points, together with 
lateral moraines, are separated by considerable distances, and as 
a result, the model of Figure 8 is a best estimate. However, 
reconstructed glacial surfaces and ice thicknesses do satisfy the 
physical requirements of glacial flow as defined by basal shear 
(discussed on p. 41-44). Also, for each glacier, the areal propor- 
tion of accumulation zone to ablation zone based on assumed equili- 
brium line altitudes falls within the limits observed on most 
existing glaciers (discussed on p. 44-45). Thus, the limited amount 
of data requires that basic assumptions be made, but given this, the 
reconstructed ice margins in these valleys are conceptually 
reasonable. 
In constructing this model, basal shear calculations were used 
to define glacial surfaces capable of flow.  Basal shear, which is 
the stress generated at the base of a glacier, is calculated as 
follows: / 
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T = Fpghsina 
where... 
F is a unitless shape factor that takes into account 
the frictional drag of the valley walls. This value 
is related to the shape of the cross-valley profile 
(parabolic vs. semi-elliptical) and the variable W, 
which is the half width of the glacier divided by its 
maximum thickness.  In this study, basal shear was 
calculated at points in which the cross-valley pro- 
files were parabolic. The relationship of F to W for 
parabolic channels, as developed by Nye (1965) and 
Pierce (1975), is presented in Table 1. 
p is the density of ice (0.9 g/cm) 
g is the acceleration due to gravity (980 cm/sec) 
a is the angle of the ice surface with the horizontal 
h is the thickness of the glacier measured in cm. 
To summarize, the behavior of glacial ice approximates that 
of a perfeo^ plastic with a yield stress of one bar. As a result, 
stress observed at the base of active glaciers consistently falls 
within the narrow limits of 0.5 to 1.5 bars. Therefore, the 
thickness and surface slope of a glacier cannot be so great as to 
generate basal shear in excess of 1.5 bars. This is because 
glaciers tend to flow so as to reduce thickness and/or surface 
slope before such stress is attained. Alternatively, if thickness 
and slope are so slight that they generate basal shear below 0.5 
bars, the glacier will not flow. For a more detailed discussion of 
these concepts, the reader is referred to Patterson (1969), 
Flint (1971), Andrews (1975), Embleton and King (1975), and Pierce 
(1979). 
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w F W F 
1 0.45 6 087 
2 65 8 90 
3 .75 16 .95 
4 81 CD 1.00 
 - 
TABLE 1. Shape factors (F) for parabolic valley profiles. 
Shape factors for (W) from 1 to 4 are from Nye (1965, 
Table 4); shape factors for (W) greater than 4 are 
extrapolated from Nye by Pierce (1979, Table 3). 
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In this study longitudinal profiles connecting ice thicknesses 
inferred from cirques and lateral moraines were drawn along 
generalized center lines.  Basal shear was then computed at points 
along the profile.  Each calculation utilized a surface slope 
averaged over a horizontal distance one order of magnitude greater 
than the ice thickness at that point; shape factors were taken from 
cross-valley profiles perpendicular to flow.  The longitudinal 
profile was then adjusted so that it sloped down valley with mini- 
mum undulations while generating basal shear values between 0.5 and 
1.5 bars.  Profiles and calculations for this reconstruction are 
presented in Plate 2.  Basal shear was not computed in the catch- 
ment area of Big Boulder Canyon. This is because the glacier 
flowed in a variety of directions in channeling itself from the 
broad catchment area into the confines of upper Big Boulder Canyon. 
Thus, it is not possible to construct cross-valley profiles 
perpendicular to flow in the catchment area. Margins in the catch- 
ment area are based solely on the distribution of cirques and the 
elevations of frost shattered features on the valley walls. 
In addition to basal shear considerations, terminal positions 
are drawn such that the area of the accumulation zone divided by 
the glacier's total area lies within the range of 0.6 to 0.7. This 
ratio is called the Accumulation Area Ratio (AAR). The limits for 
AAR used in this study are derived from Andrews (1975), who states 
that most AAR's observed on present day glaciers fall within these 
values. Thus, given an estimated equilibrium line altitude (ELA) 
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and the accumulation zone area, the reconstructed terminus must 
define an ablation zone whose area ranges from 30% to 40% of the 
glacier's total area. 
In this study, the upvalley extent of lateral moraines is 
used as the best estimate of ELA.  In Jim Creek Canyon the esti- 
mated ELA is 2,840 m. (9,320 ft.); in Big Boulder Canyon it is 
2,706 m. (8,800 ft.).  These elevations are derived from the upper 
lateral moraine on the northern wall of Jim Creek Canyon (shown 
in Fig. 7) and the lateral moraine on the southern wall of upper 
Big Boulder Canyon (labeled "A" on Plate 1).  The decrease in ELA 
from Jim Creek Canyon to Big Boulder Canyon is accompanied by a 
marked increase in cirque development in Big Boulder Canyon.  It 
follows that because cirque development was more extensive in Big 
Boulder Canyon, that snow accumulation was enhanced and that the 
ELA was lower in this catchment area. Given these assumed values 
of ELA, the reconstructed glacier in Big Boulder Canyon possesses 
an AAR of 0.65; the AAR of the Jim Creek Canyon glacier is 0.63. 
The model of Figure 8 defines a Jim Creek lobe which remained 
within the confines of Jim Creek Canyon and did not merge with the 
larger Big Boulder lobe. This method of deployment may have blocked 
drainage to some degree in lower Jim Creek Canyon. However, because 
Jim Creek Canyon possesses a steepened gradient near its mouth 
(Fig. 9), the reconstructed Big Boulder lobe exists at too low an 
elevation to cause extensive ponding in Jim Creek Canyon; drainage 
could top this ice dam before depositing a substantial thickness of 
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Figure 9.  Stream gradients in the Big Boulder Canyon System. 
sediment behind it. Any sediment which may have been deposited in 
this locality has since been removed by post glacial stream erosion 
and mass movement. 
Lacustrine sediments (bedded silts and clays, mapped as "LA" 
in Plate 1) were detected in lower Big Boulder Canyon, 0.4 km. 
(0.6 mi.) down valley from the estimated terminus of the Big 
Boulder lobe.  However, the size and depth of the lake in which 
these sediments were deposited, and the dam which it formed behind, 
are presently unknown. The lacustrine sediments are located upstream 
from a basaltic outcrop which extends across the valley. One 
possible explanation for the sediments* origin is that this rock 
is not in place, but that it is part of a landslide which dammed 
drainage and contributed to lacustrine deposition. This explanation 
is tenuous and additional investigation is needed before the origin 
of these sediments can be stated with confidence. 
It should be noted that there are additional gravel deposits, 
some of which are morainic, which exist beyond the reconstructed ice 
margins of Figure 8. One such deposit is located 1.8 km. (.5 mi.) 
down valley from the Livingston Mill, above the steepened segment 
of the valley's northern wall. This deposit is labeled "GM on 
Plate 1.  Its form suggests that it is a lateral moraine and that 
it marks an ice marginal position.>• However, when a profile is con- 
structed connecting this deposit with the margins in the upper 
reaches of Big Boulder Canyon, the resulting terminus must slope 
steeply in order to maintain an AAR of greater than 0.6. This 
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profile is presented in Figure 10.  The reconstruction does not 
seem feasible, however, because basal shear in this terminus well 
exceeds 1.5 bars.  Thus, it is reasoned that the estimated accumu- 
lation zones in the Big Boulder Canyon System are not large enough 
to source this deposit.  It is possible that deposit "G" of 
Figure 10 and Plate 1 could be related to the Railroad Ridge Gravels 
of Ross (1929) situated atop Railroad Ridge and Red Ridge.  These 
hypotheses are discussed in light of provenance data presented in 
a later section (p. 103-107). 
On the southern wall of lower Big Boulder Canyon there is a 
second morainic gravel deposit which also lies beyond the margins 
of Figure 8.  The deposit is labeled "H" in Plate 1.  These gravels 
can be traced in continuity with a ridge that extends down to the 
valley floor and upslope to higher elevations on Red Ridge.  Although 
time did not allow for field investigation along the length of this 
ridge, it does not seem possible that it is glacial in origin, as 
the resulting ice margin would be so steeply sloping as to be 
cliff-like in shape. There are a number of additional ridges, 
most of which are covered with Railroad Ridge Gravels, that are 
located on the northern flank of Red Ridge.  It seems likely that 
Red Ridge was at one time a flatter and more continuous landform, 
but that stream dissection and landslides have since partitioned 
it into a series of individual ridges.  It is suggested that 
deposit "H" of Plate 1 is separated from the main mass of the 
Railroad Ri/ige Gravels atop Red Ridge because of these processes. 
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Figure 10. Reconstructed ice margins and glacial profile based on elevated gravel 
deposit (deposit "G") in lower Big Boulder Canyon. 
There is a second gTavel covered ridge which is located immediately 
adjacent to and which mirrors the same directional trend of 
deposit "H".  It is hypothesized that this parallel relationship 
is due to the slumping of the second ridge from the first. 
Slate Creek Canyon System 
The Slate Creek Canyon System consists of Slate, Livingston, 
and Silver Rule Creeks.  Glacial deposits in this system include 
a major moraine in Slate Creek Canyon near its junction with 
Livingston and Silver Rule Creeks (deposits "I" and "K" of Plate 1) 
and a moraine in Silver Rule Canyon (deposit "J" of Plate 1). 
Because no additional till deposits were detected farther down 
valley in this drainage, these two moraines are used to reconstruct 
terminal ice positions. The moraine in Slate Creek Canyon consists 
of a series of ridges whose original cross valley extent has been 
breached by an outwash plain.  In Silver Rule Canyon, the moraine 
forms a succession of elongate, nested ridges which parallel the 
northwest trend of the valley in its lower reaches. The morainic 
ridges in both valleys are interpreted to be the stillstand posi- 
tions of two retreating ice fronts. The glacial deposits in 
Livingston Creek Canyon consist of a stretch of thin and patchy 
till which is traceable along the valley's eastern wall. 
Figure 11 is a reconstruction of two possible models of ice 
deployment in this canyon system.  In Hypothesis "A", the terminal 
position of the Slate Creek glacier is based on the system's most 
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down valley till deposit located at the mouth of Silver Rule 
Creek (labeled "K" in Plate 1 and Fig. 11). The continuous 
alignment of this deposit with the Slate Creek moraine suggests 
that it was emplaced by ice souTced from Slate Creek. The 
terminus of the Silver Rule lobe is defined by the down valley 
extent of the moraine within the Silver Rule Canyon proper. Till 
in Livingston Creek Canyon indicates that ice from this valley 
advanced at least as far as .9 km. (.6 mi.) upstream from the 
junction with Slate Creek. The terminus of this lobe is tentatively 
drawn within Livingston Creek Canyon, but evidence for this is not 
conclusive. Morainic ridges in Slate Creek Canyon extend across 
the mouth of Livingston Creek, looping into Slate Creek Canyon and 
suggesting that they were deposited by the Slate Creek lobe. This 
implies that by the time the Slate Creek lobe had pulled back to 
the mouth of Livingston Creek, the terminus of the Livingston Creek 
lobe was within its respective valley. However, it does not rule 
out the possibility that the Livingston Creek lobe advanced into 
Slate Creek Canyon.  It is possible that the Livingston Creek glacier 
advanced into Slate Creek, but that it terminated in a position 
upvalley from the Slate Creek glacier's terminus (Fig. 12). Such a 
configuration is possible because each glacier is an independent 
system whose extent is controlled by its own source area. Thus, 
the two lobes, even if confluent, may not have advanced to the same 
terminal position.  If the two ice fronts then retreated as shown 
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Figure 12. Possible advance of the Livingston Creek lobe into Slate Creek Canyon. 
Existing moraine ridges are employed as stillstand positions of the retreating 
ice front. 
in Figure 12, the present distribution of moraines would result, 
despite the Livingston Creek glacier's advance into Slate Creek. 
The Slate Creek lobe, as depicted in Hypothesis "A" of 
Figure 11 may have blocked drainage in Livingston Creek and Silver 
Rule Canyons, causing a great thickness of outwash sediment to build 
up at the mouths of these two valleys. However, terraced outwash 
or lacustrine sediments were not detected in either valley.  It is 
likely that if ponding did take place behind the Slate Creek lobe, 
that deglacial 'drainage has since flushed the sediments out of these 
narrow valleys. Alternatively, drainage from Livingston Creek and 
Silver Rule Canyons may have been subglacial to the Slate Creek 
lobe. 
Hypothesis "B" of Figure 11 is an alternative reconstruction. 
It is based on provenance data (see p. 100-102) which suggests a 
Silver Rule source area for the system's most down valley till 
deposit (deposit "K" in Fig. 11 and Plate 1) at the mouth of Silver 
Rule Canyon.  In addition, a minor ridge on the northeast wall of 
Silver Rule Canyon (labeled "L" in Fig. 11 and Plate 1) was 
detected following field reconnaissance.  Although this form requires 
more investigation, it could be a moraine, deposited by ice from 
Silver Rule Canyon which flowed to the valley's mouth. These 
points are used in reconstructing the down valley limit of the 
Silver Rule lobe at the mouth of Silver Rule Creek, as shown in 
Hypothesis "B" of Figure 11. 
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Big Lake Canyon 
The headwaters of Big Lake Creek consist of a number of 
unnamed tributary streams which flow into the system's main east 
to west trending valley and ultimately into the East Fork of the 
Salmon River (Plate 1 and Fig. 1). During field reconnaissance in 
this drainage, no moraine loops or outwash plains were recognized. 
Also, these tributary valleys do not appear glacially modified. 
Some head in forms that could be considered cirques, but they are 
shallow, and the valleys themselves lack steepened sidewalls or 
broadened floors.  Thus, it is suggested that if the tributaries in 
the headwaters of Big Lake Creek were glaciated, that they did not 
source ice bodies larger than small cirque glaciers. 
It should be noted that erratic material is distributed through- 
out the headwaters of Big Lake Creek in the form of scattered 
boulders and discontinuous patches of gravel. However, because 
these tributaries are carved into the gravel capped northern flank 
of Railroad Ridge, and because they do not appear to be glacial 
valleys, the erratic material found in these areas but unassociated 
with glacial landforms is not considered a reliable indicator of 
valley glaciation.  It is suggested that this material was not 
deposited by valley glaciers, but that it is the result of slump- 
ing of the Railroad Ridge Gravels in response to headward stream 
erosion which is cutting into the northern flank of Railroad Ridge. 
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Reconnaissance in Little Boulder Creek and the East Fork of 
the Salmon River 
A map of the East Fork of the Salmon River and its major 
tributaries is presented in Figure 13. The following discussion 
deals with the reconstruction of ice margins of a glacier sourced 
in Little Boulder Canyon (p. 56-61), and the origin of erratic 
material situated near the mouth of Little Boulder Canyon, in East 
Fork Canyon from Little Boulder Creek to Big Lake Creek, and in 
the lower reaches of Big Lake Canyon (p. 61-67). It should be 
stressed that field work in this area was of a brief reconnaissance 
nature and that the upper reaches of Little Boulder and East Fork 
Canyons were not traversed. As a result, the hypotheses considered 
in this section are based largely on air photo and topographic base 
map interpretations. The main intent of this discussion is to 
serve as a starting point for future work. 
Deposits mapped near the confluence of Little Boulder Creek 
and the East Fork of the Salmon River are shown in Plate 1. Because 
no end moraine sequences were recognized, modeling was used to 
reconstruct the possible method of ice deployment (Fig. 14). This 
model is based on the same concepts and applications as the recon- 
struction in the Big Boulder Canyon System: margins were tentatively 
drawn from the elevations of cirques, truncated forms, frost 
shattered features, and a single lateral moraine. The feasibility 
of the modeled valley glacier was then tested and refined through 
basal shear calculations and an assumed AAR of 0.6 to 0.7. 
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Figure 13.  East Fork of the Salmon River and its major tributaries. 
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Figure 14. Reconstructed ice margins in Little Boulder Canyon and the Big Boulder 
Canyon System. 
Calculations and reconstructed profiles are presented in Plate 3. 
The lateral moraine incorporated in this reconstruction was 
observed from a distance in the field and recognized on aerial 
photographs and topographic base maps.  Figure 15 is a photograph 
of this moraine; its location is shown in the reconstruction of 
Figure 14 and in Plate 1.  The elevation of its upvalley extent 
(2,658 m. (8,720 ft.)) is used as the best estimate of the ELA. 
Above this altitude, the valley branches into four separate ice 
scoured basins which possess a total of 18 cirque forms.  The 
moraine of Figure 15 possesses a rough, hummocky character which 
does not reflect a long period of post depositional modification. 
Thus, like the modeled margins in the Big Boulder Canyon System 
(Fig. 8), the reconstruction in Little Boulder Canyon (Fig. 14) is 
presented as the best estimate of the last major phase of glacia- 
tion. 
Large erratic boulders (up to 1.2 m. (4 ft.) high and 1.8 m. 
(6 ft.) long) are distributed across an alluvial fan at the mouth 
of Big Boulder Canyon; their location is indicated in Figure 14. 
If these boulders are the remnants of a washed out terminal moraine, 
they most likely delineate the maximum down valley extent of the 
Little Boulder glacier because the glacier from Big Boulder Creek 
did not extend to the junction with the East Fork (see discussion 
p. 39-50).  If such a lobe existed, j.t  is probable that it caused 
ponding in Big Boulder and East Fork Canyons in two locations as 
shown diagramatically in Figure 14.  However, because the Little 
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Figure 15. Lateral moraine in Little Boulder Canyon employed as an ice marginal 
position and the best estimate of ELA. View is looking upvalley toward 
Castle Peak. 
Boulder Canyon glacier would have been quite thin near its terminus 
(Plate 3), drainage in Big Boulder Canyon would probably crest this 
low ice dam before forming an extensive lake. Thus, it does not 
seem possible that the lacustrine sediments in lower Big Boulder 
Canyon (previously discussed on p. 47   and shown in Figure 14) 
were deposited in a lake dammed by the Little Boulder lobe, as 
their elevation would require a lake level ponded behind at least 
91 m. (300 ft.) of ice at the valley's mouth. The reconstructed 
glacier is much thicker at the point where it enters East Fork Can- 
yon, and thus, it could effectively block drainage in the upper 
portion of that valley. Additional field work is required in order 
to verify the existence and size of a lake in this valley. 
There is a considerable amount of erratic debris located on 
the northwest valley wall near the mouth of Little Boulder Canyon 
(Fig. 14 and Plate 1). This material is situated as much as 366 m. 
(1200 ft.) above the reconstructed ice margins of Figure 14. The 
deposit includes two gravel ridges (denoted "M" and "N" on Plate 1) 
located at elevations of approximately 549 m. (1800 ft.) above 
stream level. The ridges consist of not only volcanics of the 
surrounding bedrock but also granitic and meta-sedimentary debris. 
One hypothesis concerning the origin of these ridges is that they 
are lateral moraines deposited by a valley glacier which was older 
and more extensive than the one depicted in Figure 14. Under this 
hypothesis, the glacier flowed down Little Boulder Canyon and 
spread outward in a massive lobe at the valley's mouth. At lower 
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elevations on this same valley wall there is a series of volcanic 
bedrock ridges which parallel the east to northeast curvature of 
the valley.  Erratic boulders and discontinuous patches of gravel 
are scattered across these ridges and across much of the northwest 
valley wall.  In accordance with the above hypothesis, these bed- 
rock ridges could be the result of a large ice mass which shaped 
the relatively soft volcanic rock parallel to flow while depositing 
a veneer of erratics. 
If the elevated erratics near the mouth of Little Boulder 
Creek were deposited by an earlier valley glacier, they would 
require a huge thickness of valley filling ice (approximately 549 m. 
(1800 ft.)) near the confluence of Little Boulder and East Fork 
Canyons. Figure 16 illustrates that the source area used in 
estimating the ice margins during the last major phase of glaciation 
is not nearly large enough to source a lobe which spread into East 
Fork Canyon and deposited the erratics in question.  Figure 16 
utilizes the same accumulation zone and ELA as the reconstruction 
of Figure 14.  Given these parameters, the elevated deposits near 
the mouth of Little Boulder Canyon define a glacier with values of 
AAR (0.49) and basal shear (5.02 bars) which are unreasonable. 
The existence of a valley glacier large enough to deposit these 
erratics would seem more plausible if a case could be made for the 
merging of two glaciers, one sourced from Little Boulder Canyon and 
the other from East Fork Canyon.  Ice margins of this hypothesis are 
presented in Figure 17. These margins are rough estimates; they are 
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Figure 16. Reconstructed ice margins and glacial profile based on elevated gravels 
near the mouth of Little Bouldlr Canyon. 
Figure 17.  Ice margins based on conjectural merging of valley 
lobes in Little Boulder and East Fork Canyons. Contours and 
cross section illustrate an ice thickness which flowed over 
divides and valleys tributary to the East Fork. 
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extended from the uppermost erratics at the mouth of Little Boulder 
Canyon, assuming a very generalized down valley slope to the ice 
surface. Although speculative, they give some indication at to the 
size of the East Fork glacier called for by this hypothesis. Under 
this reconstruction, the gravels delimit an East Fork lobe which was 
not confined within the lower walls of the valley, but which topped 
divides and filled valleys tributary to the East Fork. This is 
illustrated by the contours and cross section of Figure 17. However, 
field reconnaissance does not provide convincing evidence in support 
of this reconstruction. Reconnaissance in East Fork Canyon detected 
no erratic debris from the mouth of Bowery Creek to the mouth of 
Sheep Creek (Bloomfield, pers. comm.). Also, angular spurs and 
corrugated contours within the ice margins of Figure 17 suggest the 
fluvial development of the area's drainages and not the scouring of 
a large valley glacier. Although there has been a significant 
amount of post glacial stream dissection and landslide activity 
throughout the study area, the overall topography in this reach of 
East Fork Canyon does not suggest that it was glaciated by an ice 
mass as large as the one depicted in Figure 17. 
Additional boulders were sited at a number of localities in the 
East Fork, from Big Boulder Creek to Big Lake Creek, and in Big 
Lake Canyon, from the valley's mouth to Jimmy Smith Lake. Specific 
localities are shown in Figure 18.  If these boulders were deposited 
by a valley glacier, the ice mass would have to advance to altitudes 
as low as 1,829 m. (6,000 ft.), where- it still maintained a thickness 
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Figure 18.  Hypothetical ice margins (denoted by dotted line) 
inferred from the elevations of boulders sited in East Fork 
and Big Lake Canyons.  Erratic rich areas denoted by X's. 
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of about 396 m. (1,300 ft.)- Assuming that a glacier did not flow 
down Big Lake Creek, this ice mass would also have to flow upvalley 
to Jimmy Smith Lake, at a thickness of approximately 304 m. (1,000 
ft.)- 
It seems plausible that at least portions of East Fork Canyon 
were glaciated. A modeled glacier sourced in Little Boulder Canyon 
extends beyond the valley's mouth (Fig. 14) and valleys tributary 
to East Fork Canyon in its headwaters (West Fork, South Fork, 
Germania, Ibex, and West Pass Creeks of Figure 13) contain well 
developed catchment areas.  It is likely that some of these valleys 
also contributed ice to the East Fork. However, one is hard 
pressed to explain the erratic material in East Fork Canyon, 
between Big Boulder and Big Lake Creeks (Fig. 18), and the elevated 
erratics near the mouth of Little Boulder Creek (Fig. 14) by means 
of valley glaciation, as they require extreme ice thicknesses 
flowing independently of valley topography in regions that are 
distant from possible source areas.  It is believed that this 
material lies beyond the limits of valley glaciation, and if glacial, 
it is suggested that it was deposited by earlier and more extensive 
pre-canyon glaciers. 
Figure 19 combines the previous discussions of the glacial 
deposits in different valleys and presents the best estimate of the 
last major phase of glaciation in the study area.  In the following 
sections, these ice margins are further discussed in light of 
provenance data. 
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Figure 19.  Best estimate of the last major phase of glaciation in the 
valleys of the study area. 
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RESULTS AND DISCUSSION:  PROVENANCE INVESTIGATION 
Introduction 
The provenance phase of this investigation utilizes surface 
boulder and pebble lithologies and heavy mineral suites in order 
to differentiate and identify tills derived from different source 
areas, thereby illustrating the extent and the paths taken by 
individual ice streams. This analysis is especially valuable in 
light of the study area's incomplete moraine record.. Provenance 
data works to either strengthen field interpretations and modeled 
ice marginal positions, or to formulate additional hypotheses for 
which the distribution of poorly preserved deposits provides 
little or no evidence for. This approach provides for a fuller 
perspective of the region's glacial history. 
Boulder and Pebble Provenance Data 
Figure 20 is a map showing the location of all provenance 
sample sites. Thirty surface boulder and 35 pebble provenance 
analyses were performed by the author.  Surface boulder and pebble 
count data is presented graphically in Plates 4 and 5 and listed in 
Appendices 1 and 2, respectively.  Lithologies which typify tills 
of specific valleys of the study area are presented in the follow- 
ing section. The percentages reported are based on samples of till 
situated within reconstructed ice margins of individual valleys. 
Rock types are listed in order of abundance, and lithologies 
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Figure 20.  Locations of provenance sample sites. 
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unique to a canyon in a particular system are underlined. The 
reader is also referred to the generalized bedrock map (Fig. 21). 
Boulder Lithologies 
(see Appendix 1) 
Big Boulder Canyon System 
Upper Big Boulder Canyon: pink quartz monzonite (18-79%), 
grey quartz monzonite (15-82%), meta-siltstone (0-6%); percentages 
based on samples BBj, BB2, and BB3. 
Lower Big Boulder Canyon: grey quartz monzonite (39-56%), 
pink quartz monzonite (18-49%), Challis Volcanics (10-33%), argil- 
lite (0-9%), meta-siltstone (0-6%), quartzite (0-3%); percentages 
based on samples BB4, BB5, BB5, BBg, and BBJQ. 
Jim Creek Canyon: grey quartz monzonite (52-74%), meta-silt- 
stone (22-28%), argillite (4-18%), quartzite (0-4%); percentages 
based on samples J\,  J5, and Jg. 
Slate Creek Canyon System 
Slate Creek Canyon: meta-siltstone (40-60%), argillite (14-38%), 
grey quartz monzonite (0-44%), quartzite (0-2%); percentages based 
on samples Si, S2, S3, S4, and S5. 
Livingston Creek Canyon: argillite (72-80%), meta-siltstone 
(14-22%), grey quartz monzonite (0-6%); percentages based on 
samples Lj and L2. 
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Figure 21. Generalized geologic map, from Tscfcanz, Kiilsgaard, and 
Seeland (1974) and Ross (1937). ?2 
Silver Rule Canyon: grey quartz monzonite (17-52%), 
meta-siltstone (16-26%), quartzite (6-44%), Challis Volcanics 
(0-32%), argillite (0-34%); percentages based on samples SRj, 
SR2, SR3, SR4, SR5, SR6, and SR7. 
Pebble Lithologies 
(see Appendix 2) 
Big Boulder Canyon System 
Upper Big Boulder Canyon: pink quartz monzonite (16-74%), 
argillite (8-64%), grey quartz monzonite (8-52%), meta-siltstone 
(0-12%), rotted and stained quartz monzonite (0-6%); percentages 
based on samples BBi, BB2, and BB3. 
Lower Big Boulder Canyon: Challis Volcanics (28-66%), 
argillite (10-52%), meta-siltstone (0-32%), pink quartz monzonite 
(4-8%), grey quartz monzonite (4-8%), rotted and stained quartz 
monzonite (0-6%); percentages based on samples BB4, BB5, BBg, BB9, 
and BBio« 
Jim Creek Canyon: meta-siltstone (40-62%), argillite (19-50%), 
grey quartz monzonite (4-28%), quartzite (0-3%); percentages based 
on samples J\,  J2, J3, J3A» ^4. «Js» and J5. 
Slate Creek Canyon System 
Slate Creek Canyon: argillite (43-57%), meta-siltstone (27- 
50%), grey quartz monzonite (0-11%), quartzite (0-5%); percentages 
based on samples Sj, S2, S3, S4, and S5. 
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Livingston Creek Canyon:  argillite (81-93%), meta-siltstone 
(5-18%), grey quartz monzonite (1-2%); percentages based on 
samples Lj and L.2. 
Silver Rule Canyon:  Challis Volcanics (0-87%), meta-siltstone 
(13-47%), quartzite (0-42%), argillite (0-25%), grey quartz monzonite 
(0-15%); percentages based on samples SR^, SR2, SR3, SR4, SR5, SR6, 
and SR7. 
Nineteen surface boulder and 20 pebble provenance samples, 
gathered by Gawarecki from the Railroad Ridge Gravels, were also con- 
sidered in this study (Fig. 20).  For ease in comparing valley tills 
with Railroad Ridge Gravels, boulder and pebble lithologies were 
grouped into three main categories. These are meta-sedimentary, 
intrusive, and volcanic lithologies.  Surface boulder and pebble 
count data compiled by Gawarecki is listed in Appendices 4 and 5, 
respectively. This data is presented graphically in conjunction 
with data collected from tills of the Big Boulder Canyon System in 
Plates 6 and 7. 
Multivariate analysis of surface boulder and pebble lithologies 
collected from tills within Big Boulder and Jim Creek Canyons and 
from gravels atop their divides did not lead to the formation of 
sample clusters which aided in the reconstruction of glacial flow 
patterns.  However, inspection of the histograms of Plates 4 and 5 
does reveal one significant trend:  for till samples, pink quartz 
monzonite boulders and pebbles are found only, and always, within 
the reconstructed ice margins of upper and lower Big Boulder Canyon. 
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This distribution of samples containing or lacking pink quartz 
monzonite boulders and pebbles is shown graphically in Figures 22 
and 23. The significance of this distribution is discussed on 
p. 98. 
In the Slate Creek Canyon System, Challis Volcanics are the 
most useful lithology to a study of till provenance because they 
outcrop only on the east side of Silver Rule Canyon (Fig. 21). 
Tills containing this lithology must be sourced in Silver Rule 
Canyon. Trends in boulder and pebble count data are used to group 
till samples on a qualitative basis. The distribution of sample 
populations formed by a qualitative analysis of boulder count data 
is presented in Figure 24; that of pebble count data is shown in 
Figure 25. Samples are grouped into three populations.  Popula- 
tion 1 is comprised of samples which contain Challis Volcanics. 
Population 2 lacks volcanics, but contains a dominant percentage 
of argillite (greater than 71% argillite boulders and 80% argillite 
pebbles). Samples of Population 3 also lack volcanics, but of the 
lithologies present, no single rock type is especially dominant; 
rather, percentages are more evenly distributed among different 
lithologies.  In addition to direct observation of untreated 
boulder and pebble count data, provenance samples were treated 
statistically to see if this analysis could provide additional 
information and a fuller perspective to the method of ice deploy- 
ment in this valley system.  Figures 26 and 27 present the loading 
values of variables in factors generated through R-mode factor 
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Figure 22. Distribution of pink quartz monzonite boulders in till samples of the Big Boulder 
Canyon System. 
Figure 23. Distribution of pink quartz monzonite pebbles in till samples of the Big Boulder 
Canyon System. 
▲ Population 1= contains volcanic   boulders 
• Population 2-  lacks volcanic boulders and 
contains 72% or greater argillite   boulders 
■ Population 3:   lacks volcanic boulders and 
contains 38% or less argillite  boulders 
Figure 24. Distribution of sample populations formed by qualitative 
analysis of boulder count data in the Slate Creek Canyon System. 
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A   Population 1:  contains volcanic pebbles 
•   Population 2-   lacks volcanic pebbles and 
contains 81 % or greater argil lite pebbles 
■   Population 3=   lacks volcanic pebbles and 
contains 57% or less argillite pebbles 
Figure 25.    Distribution of sample populations formed by qualitative 
analysis of pebble count data in the Slate Creek Canyon System. 
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Figure 26. Factor loading diagrams for the three factors involving the 
five different boulder lithologies in the Slate Creek Canyon System. 
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Figure 27. Factor loading diagrams for the three factors involving the 
five different pebble lithologies in the Slate Creek Canyon System. 
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analysis of boulder and pebble count data. In both analyses, variables 
are comprised of the same five lithologies. They are: 
Variable Lithology 
1 quartzite 
2 meta-siltstone 
3 argillite 
4 volcanics 
5 grey quartz monzonite 
Q-mode cluster analysis of the normalized loading values from these 
analyses are presented in Figures 28 and 29. Sample populations are 
outlined on the cluster diagrams and then plotted on maps of the Slate 
Creek Canyon System in Figures 30 and 31. These distributions are 
discussed relative to a model of ice deployment in the Slate Creek 
Canyon System on p. 100-102. 
Boulder and pebble count data is useful in differentiating 
Railroad Ridge Gravels atop Red Ridge from tills located within lower 
Big Boulder Canyon. This data is presented in Plates 6 and 7.  In a 
northeasterly direction, samples collected from the main mass of Red 
Ridge gravels (samples A2, C2, D2, E2, F2, G2, H2, and I2) undergo a 
dilution of meta-sedimentary to intrusive boulders and pebbles, such 
that the ratios of meta-aedimentary to intrusive boulders and pebbles 
decreases. Boulder and pebble suites from adjacent valley tills 
(samples BBi, BB5, BB6, BB9, and BBj0), on the other hand, possess 
ratios of meta-sedimentary to intrusive boulders and pebbles that are 
consistently higher than the ratios in Railroad Ridge Gravels. In 
addition, volcanic boulders and pebbles are present in valley tills 
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Figure 28. Q-node cluster analysis of normalized loading values from R-mode factor 
analysis of boulder count data in the Slate Creek Canyon System. Populations are 
plotted in Figure 30. 
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Figure 29. Q-mode cluster analysis of normalized loading values from R-mode factor 
analysis of pebble count data in the Slate Creek Canyon System. Populations are 
plotted in Figure 31. 
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Figure 30.    Distribution of sample populations inferred from Q-mode 
cluster analysis of boulder count data in the Slate Creek Canyon 
System  (Fig.  28). 
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Figure 31. Distribution of sample populations inferred from Q-mode 
cluster analysis of pebble count data in the Slate Creek Canyon 
System (Fig. 29). 
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but are, with one exception, absent from the Railroad Ridge 
Gravels atop Red Ridge (Sample G2 contains 2%  volcanic pebbles). 
These characteristics are useful in hypothesizing on the origin of 
elevated, isolated gravels which are detached from the main mass 
of Railroad Ridge Gravels atop Red Ridge, but which exist beyond 
the reconstructed ice margins of Big and Little Boulder Canyons 
(samples BB7, BBg, BBn, <f>, LBi, and LB2 of Plates 6 and 7). A 
discussion of this topic follows on p. 103-107. Unfortunately, the 
gravels atop Railroad Ridge cannot be similarly differentiated from 
valley tills in the adjacent Jim Creek and Silver Rule Canyons on 
the basis of boulder and pebble count data, and as a result, they 
are not discussed further in this section. 
Heavy Mineral Provenance Data 
Heavy mineral samples considered in this study were collected 
from 35 sites by Gawarecki and the author (Fig. 20).  Count data was 
then compiled by the author for the purpose of consistency in 
identification. The data is presented graphically in Plate 8 and 
listed in Appendix 3. The relative percentages of heavy minerals 
as they occur in tills of individual valleys and gravels of 
different ridge tops are as follows: 
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Heavy Mineral Types 
(see Appendix 3) 
Big Boulder Canyon System 
Upper Big Boulder Canyon: unidentifiably altered grains (22- 
56%), cpx (12-31%), hornblende (8-38%), apatite (2-7%), tremolite 
(1-7%), biotite (0-8%), epidote (0-1%), garnet (0-1%), hypersthene 
(0-1%); percentages based on samples BBl, BB2, and BB3. 
Lower Big Boulder Canyon: cpx (50-85%), unidentifiably 
altered grains (10-35%), hornblende (0-5%), tremolite (0-7%), 
apatite (0-1%), hypersthene (0-1%), epidote (0-1%), sphene (0-1%); 
percentages based on samples BB4, BB5, BBg, BBg, and BBIQ. 
'Jim Creek Canyon: unidentifiably altered grains (20-68%), 
cpx (0-74%), tremolite (2-30%), biotite (0-12%), hornblende (0-3%), 
apatite (0-1%), sphene (0-1%); percentages based on samples Jj, J2, 
J3» J3A» J4» J5« Md J6- 
/s 
Slate Creek Canyon System 
Slate Creek Canyon: unidentifiably altered grains (39-65%), 
tremolite (30-49%), cpx (5-15%), biotite (0-3%); percentages based 
on samples SRi, SR2, SR3, SR4, and SR5. 
Livingston Creek Canyon: unidentifiably altered grains 
(50-54%), tremolite (43-44%), cpx (2%), hornblende (1-2%), biotite 
(0-2%); percentages based on samples L^ and L2. 
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Silver Rule Canyon: cpx (49-78%), unidentifiably altered 
grains (17-35%), tremolite (1-16%), hornblende (1-5%), apatite 
(0-1%), biotite (0-1%); percentages based on samples SRj, SR2, 
SR3, SR4, SR5, SR6, and SR7. 
Railroad Ridge 
tremolite (9-83%), biotite (4-41%), unidentifiably altered 
grains (11-28%), cpx (1-29%), apatite (0-6%), sphene (0-4%), 
hornblende (0-3%), epidote (0-4%); percentages based on samples 
B, J, S, and H. 
Red Ridge 
unidentifiably altered grains (19-37%), biotite (8-60%), 
cpx (0-27%), hornblende (4-24%), apatite (3-5%), tremolite (1-9%), 
epidote (1-3%), muscovite (0-3%), opaques (0-4%), sphene (0-1%), 
garnet (0-1%), zircon (0-1%); percentages based on samples D2, E2, 
P2> G2» H2, and I2. 
The distribution of heavy mineral types in tills of the Big 
Boulder Canyon System does not contribute to the formation of 
statistical groupings suggestive of glacial flow patterns. 
However, two characteristics are discussed relative to reconstructed 
ice margins in the Big Boulder Canyon System in the following 
section (p. 100  ). They are the distribution of cpx (Fig. 32) 
and the distribution of hornblende (Fig. 33). Cpx is present in 
significant amounts in tills of Jim Creek Canyon (samples J\,  J2, 
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Heavy  Mineral   Provenance   Data:      Big Boulder Canyon   System 
o 
H™ 
A     Samples containing cpx 
(percentages of cpx listed) 
■    Samples lacking cpx 
BB10(61%) 
Figure 32. Distribution of cpx in till samples in the Big Boulder Canyon System. 
(O 
Figure 33. Distribution of hornblende in till samples of the Big Boulder Canyon System. 
•*3» ^3A» **5» an<* ^6» Fig- 32) and lower Big Boulder Canyon (samples 
BB4, BB5, BB6, BB9, and BBjo. Pig- 32), but in tills of upper Big 
Boulder Canyon (samples BBj, BB2, and BB3, Fig. 32) it is not nearly 
as abundant. Hornblende is present in seven of eight samples in Big 
Boulder Canyon (samples BBi, BB2, BB3, BB4, BB5, BB6, and BBJQ. Fig- 
33), but with two exceptions (samples J5 and J6, Fig. 33), is absent 
from Jim Creek Canyon tills. 
In the Slate Creek Canyon System, statistical treatment of 
heavy mineral count data does formulate sample populations which are 
geographically distinct.  Loading values of heavy minerals (variables) 
in three different factors generated by R-mode factor analysis are pre- 
sented in Figure 34.  In each factor, the variable assignments for 
the seven heavy minerals are as follows: 
Variable Heavy Mineral 
1 unidentifiably altered grains 
2 cpx 
3 tremolite 
4 hornblende 
5 biotite 
6 apatite 
7 epidote 
Q-mode cluster analysis of the normalized loading values from the 
R-mode factor analysis are presented in Figure 35.  Populations 
inferred from the cluster diagram are plotted on a map of the Slate 
Creek Canyon System in Figure 36.  Populations are also formed 
quantitatively (Fig. 37). Till samples collected from the head- 
waters to the mouth of Silver Rule Canyon are included in one 
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Figure 34.  Factor loading diagrams for the three factors involving 
the seven different heavy minerals in the Slate Creek Canyon 
System. 
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Figure 35. Q-mode cluster analysis of normalized loading values from R-mode factor 
analysis of heavy mineral count data in the Slate Creek Canyon System.  Populations 
are plotted in Figure 36. 
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Figure 36. Distribution of sample populations inferred from Q-mode 
cluster analysis of heavy mineral count data in the Slate Creek 
Canyon System (Fig. 37). 
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A Population 1:   high cpx content (40.0% or greater) 
and low tremolite content (16.2% or leaa ) 
■ Population 2:  low cpx content (16.1% or leaa) 
and high tremollte content (30.3% or greater) 
N 
km. 
Heavy Mineral Provenance Data 
8lato Creek Canyon Syatem 
Figure 37.    Distribution of sample populations formed by qualitative 
anal/sis of heavy mineral count data in the Slate Creek Canyon 
System. 
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population. This group contains a relatively high percentage of 
cpx (49-78%) and a low percentage of tremolite (0-16%).  Till 
samples in Livingston Creek and Slate Creek Canyons are grouped 
in a second population. These samples contain a low percentage of 
cpx (2-15%) and a high percentage of tremolite (30-49%).  The dis- 
tribution of these sample populations is further discussed on 
p. 100-102. 
Heavy mineral count data allows for the differentiation of 
Railroad Ridge Gravels atop Red Ridge and Railroad Ridge from 
valley tills.  In general, Railroad Ridge Gravels possess higher 
percentages of biotite than valley tills (Plate 8).  In the lower 
reaches of the Big Boulder Canyon System, Railroad Ridge Gravels 
atop Red Ridge contain significant percentages of biotite 
(samples D2: 7%; E2: 40%; F2: 60%; G2: 39%; H2: 40%; 12: 18%), 
while tills at lower elevations in lower Big Boulder Canyon 
(samples BB4, BB5, BBfc, BB9, and BB10) are, with one exception, 
totally devoid of biotite (sample BB4 contains 2% biotite). The 
heavy mineral content of these tills consists primarily of cpx 
(samples BB4: 50%; BB5: 79%; BB6: 85%; BB9: 77%; BB10: 61%), 
whereas the gravels farther upslope on Red Ridge contain much 
lower amounts of cpx (samples D2: 17%; E2: 7%; F2: 1%; G2: 24%; 
H2: 0%; I2: 27%).  On Railroad Ridge, gravels contain relatively 
high amounts of biotite (samples B: 4%; J: 38%; S: 41%; H: 12%). 
In contrast, the biotite content in tills which surround these 
gravels at lower elevations in the catchment areas of Jim Creek 
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(samples Ji: 0%; J2: 1%; J3: 2%; J3A: 1%; J4: 1%; J5: 12%; J6: 7%) 
and Silver Rule Canyons (samples SRj: 1%; SR2: 0%; SR3: 1%; SR4: 
0%; SR5: 1%) is considerably lower. These differences are further 
discussed relative to the origin of additional gravels, situated 
beyond reconstructed ice margins but separated from the main mass 
of Railroad Ridge Gravels atop Railroad Ridge and Red Ridge in lower 
Big Boulder Canyon (samples BB7, BBs, BBu, <}>, LBj, and LB2. This 
discussion is found on p. 103-107. 
Discussion of Provenance Data in the Big Boulder Canyon System 
The following sections relate trends in provenance data to 
models of ice deployment in the Big Boulder and Slate Creek Canyon 
Systems.  In addition, provenance data is further discussed as a 
means of differentiating Railroad Ridge Gravels from valley tills 
and recognizing dissected remnants of the main mass of Railroad 
Ridge Gravels atop Red Ridge. 
Pink quartz monzonite boulders and pebbles are found only in 
tills situated within the reconstructed ice margins of Big Boulder 
Canyon (Figs. 22 and 23), and as a result, this lithology is thought 
to reflect flow sourced from the catchment area of Big Boulder Can- 
yon. The observed distribution suggests that the Jim Creek lobe did 
not merge with a glacier in Big Boulder Canyon, but that it remained 
within the confines of Jim Creek Canyon. This supports the 
reconstructed ice margins in the Big Boulder Canyon System, 
presented earlier and again in Figure 38. 
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Figure 38.     Reconstructed ice margins  in the Big Boulder Canyon System. 
Heavy mineral count data does not support nor refute this 
reconstruction in a readily apparent way (Plate 8). The relatively 
low amount of cpx in till of upper Big Boulder Canyon, coupled with 
the predominance of cpx in tills of Jim Creek Canyon and lower 
Big Boulder Canyon (Fig. 32), could support the hypothesis of flow 
from Jim Creek Canyon into lower Big Boulder Canyon.  However, all 
cpx in the tills of these valleys is not necessarily derived from 
the headwaters of Jim Creek. Ross (1937) states that the Challis 
Volcanics of lower Big Boulder Canyon, as well as the meta-sedimen- 
tary rocks of the Jim Creek catchment area, contain cpx. Thus, 
the general trend of heavy mineral count data may reflect the 
evolution of the glacier's load as it passed from the predominantly 
intrusive terrain of the Big Boulder catchment area into the 
volcanic terrain of the valley's lower reaches (see generalized 
bedrock map, Fig. 21).  In addition, seven of eight samples in 
Big Boulder Canyon contain hornblende, whereas tills in Jim Creek 
Canyon, with two exceptions, are totally devoid of hornblende 
(Fig. 33).  In accordance with reconstructed ice margins (Fig. 38), 
the hornblende in tills of lower Big Boulder Canyon may be sourced 
in the hornblende-rich area of upper Big Boulder Canyon. 
Discussion of Provenance Data in the Slate Creek Canyon System 
Reconstruction of the method of ice deployment in the Slate 
Creek Canyon System is largely dependent on the system's most 
down valley till deposit at the mouth of Silver Rule Canyon 
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(deposit "K" of Plate 1 and Fig. 39). As previously stated (p. 50- 
52), the alignment of this till remnant with the moraine in Slate 
Creek Canyon suggests that it marks the terminus of a lobe sourced 
from Slate Creek (Hypothesis "A" of Fig. 39). Alternatively, 
provenance data implies that the deposit was derived from Silver 
Rule Canyon (Hypothesis "B" of Fig. 39). 
Hypothesis "B" of Figure 39 is based on the provenance affilia- 
tion of sample SRg, collected from the deposit at the mouth of 
Silver Rule Canyon.  On the basis of boulder, pebble, and heavy 
mineral count data, this sample is grouped qualitatively and 
statistically with samples of Silver Rule Canyon (Figs. 24, 25, 30, 
31, 36, and 37). This suggests that ice in Silver Rule Canyon 
advanced to the valley's mouth and emplaced this deposit at its 
terminal position. However, Hypothesis "A" of Figure 39 is thought 
to be a more accurate reconstruction because it is based on a more 
confident interpretation of moraine patterns.  Hypothesis "B" 
utilizes a small number of samples and is dependent on but one 
sample site (SRg). As a result, any possible sampling errors or 
minor deviations in provenance trends can not be exposed by the 
greater detail of a large sample population. Therefore, Hypothesis 
"B" is presented as a tentative possibility. The discrepancy in 
■\ \\ 
Figure 39 signals the n#ed for additional sampling, but one sample 
site (sample SRg) is not used to totally rule out Hypothesis "A". 
One possibility is that the till deposit at the mouth of Silver 
Rule Canyon is not 100% till, but is covered with a thin veneer of 
colluvium washed down from higher upslope. 
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Figure 39. Two hypotheses of ice deployment in the Slate Creek Canyon System. 
Provenance Data as a Means of Differentiating Valley Tills from 
Railroad Ridge Gravels 
In this section, characteristics of provenance data are 
presented as a means of distinguishing Railroad Ridge Gravels from 
valley tills. These characteristics are then discussed relative to 
the origin of additional gravel deposits (samples BB7, BB8, BB^, 
4), LBi, and LB2) which exist above reconstructed ice margins but 
which are detached from the main mass of Railroad Ridge Gravels 
atop Railroad Ridge and Red Ridge. 
Heavy mineral suites are useful in distinguishing Railroad 
Ridge Gravels from valley tills in the following way: Railroad 
Ridge Gravels atop both Red Ridge and Railroad Ridge possess, in 
general, a higher biotite content than the valley tills of lower 
elevations (Plate 8 and p. 97 - 98).      This distinction may be 
due not only to different source areas, but also, to different 
degrees of weathering in deposits of different ages. Long term 
weathering in the older Railroad Ridge Gravels may have more 
thoroughly altered unstable heavy minerals (i.e., cpx and tremolite), 
thereby increasing the relative amounts of the more stable biotite. 
In younger valley tills, the higher percentages of cpx and 
tremolite may be a reflection of less intensive weathering. 
Boulder and pebble types also differentiate Railroad Ridge 
Gravels from valley tills. Railroad Ridge Gravels atop Red Ridge 
(samples A2, C2, D2, E2, F2, G2, H2, and I2 of Plates 6 and 7) 
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contain raeta-sedimentary to intrusive boulders and pebbles in 
ratios that are consistently different from those ratios found in 
valley tills of lower Big Boulder Canyon (samples BB4, BB5, BBg, 
BB9, and BB10 of Plates 6 and 7). Meta-sedimentary and intrusive 
rock types outcrop to the west and southwest of Red Ridge (Fig. 21), 
and if one assumes this region to be the source area of the gravel 
deposit on Red Ridge, provenance samples show that with continued 
transport, meta-sedimentary boulders and pebbles are progressively 
diluted relative to intrusive boulders and pebbles.  From southwest 
to northeast, the ratios of meta-sedimentary to intrusive boulders 
for gravels atop Red Ridge are as follows: C2: 127%; D2: 0%; 
A2: 19%; E2: 0%; F2: 0%; H2: 0%; G2: 0%; I2: 0%.  From southwest 
to northeast, meta-sedimentary to intrusive pebble ratios are: 
C2: 67%; D2: 58%; A2: 100% meta-sedimentary; E2: 27%; F2: 4%; 
G2: 71%; H2: 9%.  In contrast, tills situated within the reconstructed 
ice margins of lower Big Boulder Canyon possess a higher ratio of 
meta-sedimentary to intrusive boulders and pebbles than the 
Railroad Ridge Gravels of Red Ridge.  The ratios of meta-sedimentary 
to intrusive boulders in valley tills are:  BB4: 5%; BB5: 10%; BBfc: 
2%; BB9: 9%; BBJO: 13%. The ratios of meta-sedimentary to intrusive 
pebbles in valley tills are:  BB4: 260%; BB5: 214%; BB6: 320%; 
BB9: 144%; BBIQ: 300%.  The low meta-sedimentary to intrusive ratio 
of boulders and pebbles in the Railroad Ridge Gravels atop Red Ridge 
is used as a criterion for recognizing dissected remnants of this 
deposit in lower Big Boulder Canyon. This is because the bedrock 
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in lower Big Boulder Canyon consists exclusively of Challis 
Volcanics and there is no additional source of meta-sedimentary 
rock to alter the trend found among the gravels of Red Ridge. 
An additional trend recognized in the boulder and pebble 
suites of the gravels atop Red Ridge (samples A2, C2, D2, E2, F2, 
G2, H2, and I2) and the tills in lower Big Boulder Canyon 
(samples BB4, BB5, BBg, BB9, and BB10) is that the tills contain 
a significant percentage of volcanic boulders (BB4: 18%; BB5: 33%; 
BB6: 10%; BB9: 27%; BB10: 24%) and pebbles (BB4: 28%; BB5: 56%; 
BB6: 58%; BB9: 56%; BBio: 60%), whereas gravels atop Red Ridge are, 
with one exception, totally devoid of volcanic boulders and 
pebbles (sample G2 contains 2% volcanic pebbles).  Like biotite, 
the presence or absence of volcanics may be the result of different 
degrees of weathering in deposits of different ages. That is, the 
less resistant volcanics may be more thoroughly weathered out of 
the older gravel deposits than in the younger tills. 
Samples BB7 and 4> were collected from a morainic gravel 
deposit situated beyond reconstructed ice margins on the southern 
wall of lower Big Boulder Canyon.  Provenance data suggests that 
this deposit is not associated with Red Ridge gravels or valley 
tills because samples BB7 and <j) contain a high percentage of meta- 
sedimentary boulders (BB7: 58%; <J>: 32%) and pebbles (BB7: 30%; <J>: 
50%), which differentiates it from Red Ridge gravels (Plates 6 and 
7), and a significant percentage of biotite (BB7: 12%; <J>: 17%), 
which differentiates it from valley tills (Plate 8).  Because this 
deposit does not appear to be related to either Red Ridge gravels 
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or valley tills, it is suggested that the deposit is derived from 
an earlier glaciation, one which pre-dates the valley tills 
located within the reconstructed ice margins of lower Big Boulder 
Canyon and which is unassociated with the Railroad Ridge Gravels 
atop Red Ridge.  If such is the case, the lack of pink intrusive 
boulders and pebbles in sample BB7 (Plates 4 and 5) could indicate 
that this glacier was sourced from Jim Creek Canyon. 
Sample BBg was collected from a second morainic gravel deposit 
high on the southern rim of lower Big Boulder Canyon.  It was 
7- 
previously suggested that this deposit was transported in conjunc- 
tion with the gravels of Red Ridge, and that its morainic form is 
due to post depositional stream dissection and landslide activity 
(p.  48 - 50 ).  The ratio of meta-sedimentary to intrusive pebbles 
in sample BBs (53%) is similar to those ratios found among the Red 
Ridge gravels (Plate 7). This tends to support the above hypothesis. 
However, this sample contains 4% meta-sedimentary boulders which 
differentiates it from those Red Ridge gravels which lack meta- 
sedimentary boulders (Plate 6).  In addition, heavy mineral count 
data does not definitively group this deposit with either Red Ridge 
gravels or valley tills. Unlike valley tills, sample BBs contains 
a low amount of cpx (12%), but it also contains an exceedingly low 
amount of biotite (2%), which sets it apart from the Red Ridge 
gravels (Plate 8). Given this provenance data, the deposit does 
not appear to be associated with Red Ridge gravels or valley tills. 
One possibility is that like the morainic gravel deposit from which 
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samples BB7 and <J» were collected, this deposit could be derived 
from an earlier glaciation which pre-dated the valley tills of 
lower Big Boulder Canyon and which is unrelated to the Red Ridge 
gravels. However, because this suggestion conflicts with the 
interpretation based on field reconnaissance, and because it is 
based.on a small number of samples, additional sampling of this 
deposit, valley tills, and Red Ridge gravels is needed in order 
to further define trends in provenance data and resolve the 
question concerning the origin of this deposit. 
Samples LBi, LB2, and BBn (no boulder data) were collected 
from gravel deposits situated beyond reconstructed ice margins 
near the mouths of Big Boulder and Little Boulder Canyons. The 
presence of meta-sedimentary boulders (LBi: 6%; LB2: 3%), the 
high percentages of volcanic pebbles (LBi: 26%; LB2: 58%; BBn: 
66%), and the absence of biotite differentiate these deposits from 
the Railroad Ridge Gravels of Red Ridge (Plates 6, 7, and 8).  It 
was previously hypothesized (p. 61-67) that the deposits from 
which samples LBi, LB2, and BBn were collected exist beyond the 
limits of valley glaciation, and because they do not appear to be 
of the same deposit as the Railroad Ridge Gravels, it is suggested 
that they were derived from one or more pre-canyon glaciers that  ty 
flowed through Little Boulder, Big Boulder, or East Fork Canyons. 
Further sampling is needed in Little Boulder and East Fork Canyons 
in order to test this hypothesis. 
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CONCLUSIONS 
Due to the scarcity of moraines in the valleys surrounding 
Railroad Ridge, there are but a few terminal ice positions which 
can be inferred directly from glacial landforms. As a result, it 
is not possible to reconstruct a detailed sequence of ice retreat. 
However, field reconnaissance, in conjunction with ice modeling 
techniques and an investigation of till provenance, allow for the 
reconstruction of probable ice marginal positions and the develop- 
ment of theories concerning patterns of ice deployment. This 
reconstruction, presented in Figure 40, is the best estimate of 
the last major phase of glaciation in the study area.  Provenance 
data is presented below; the percentages reported are based on 
samples of till situated within reconstructed ice margins of 
individual valleys. 
Boulder Lithologies 
Big Boulder Canyon System 
Upper Big Boulder Canyon: pink quartz monzonite (18-79%), grey 
quartz monzonite (15-82%), meta-siltstone (0-6%). 
Lower Big Boulder Canyon:  grey quartz monzonite (39-56%), 
pink quartz monzonite (18-49%), Challis Volcanics (10-33%), argil- 
lite (0-9%), meta-siltstone (0-6%), quartzite (0-3%). 
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Figure 40.  Best estimate of the last major phase of glaciation in 
the study area. 
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Jim Creek Canyon: grey quartz monzonite (52-74%), meta- 
siltstone (22-28%), argillite (4-18%), quartzite (0-4%). 
Slate Creek Canyon System 
Slate Creek Canyon: meta-siltstone (40-60%), argillite (14- 
38%), grey quartz monzonite (0-44%), quartzite (0-2%). 
Livingston Creek Canyon: argillite (72-80%), meta-siltstone 
(14-22%), grey quartz monzonite (0-6%). 
Silver Rule Canyon: grey quartz monzonite (17-52%), meta- 
i 
siltstone (16-26%), quartzite (6-44%), Challis Volcanics (0-32%), 
argillite (0-34%). 
Pebble Lithologies 
Big Boulder Canyon System 
Upper Big Boulder Canyon: pink quartz monzonite (16-74%), 
argillite (8-64%), grey quartz monzonite (8-52%), meta-siltstone 
(0-12%), rotted and stained quartz monzonite (0-6%). 
Lower Big Boulder Canyon: Challis Volcanics (28-66%), 
argillite (10-52%), meta-siltstone (0-32%), pink quartz monzonite 
(4-8%), grey quartz monzonite (4-8%), rotted and stained quartz 
monzonite (0-6%). 
Jim Creek Canyon: meta-siltstone (40-62%), argillite (19-50%), 
grey quartz monzonite (4-28%), quartzite (0-3%). 
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Slate Creek Canyon System 
Slate Creek Canyon: a^illite (43-57%), meta-siltstone (27- 
50%), grey quartz monzonite (0-11%), quartzite (0-5%). 
Livingston Creek Canyon: argillite (81-93%), meta-siltstone 
(5-18%), grey quartz monzonite (1-2%). 
Silver Rule Canyon: Challis Volcanics (0-87%), meta-siltstone 
(13-47%), quartzite (0-42%), argillite (0-25%). 
Heavy Mineral Types 
Big Boulder Canyon System 
Upper Big Boulder Canyon: unidentifiably altered grains (22- 
56%), cpx (12-31%), hornblende (8-38%), apatite (2-7%), tremolite 
(1-7%), biotite (0-8%), epidote (0-1%), garnet (0-1%), hypersthene 
(0-1%). 
Lower Big Boulder Canyon: cpx (50-85%), unidentifiably 
altered grains (10-35%), hornblende (0-5%), tremolite (0-7%), 
apatite (0-1%), hypersthene (0-1%), epidote (0-1%), sphene (0-1%). 
Jim Creek Canyon: unidentifiably altered grains (20-68%), 
cpx (0-74%), tremolite (2-30%), biotite (0-12%), hornblende (0-3%), 
apatite (0-1%), sphene (0-1%). 
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Slate Creek Canyon System 
Slate Creek Canyon: unidentifiably altered grains (39-65%), 
tremolite (30-49%), cpx (5-15%), biotite (0-3%). 
Livingston Creek Canyon:  unidentifiably altered grains (50- 
54%), tremolite (43-44%), cpx (2%), hornblende (1-2%), biotite 
(0-2%). 
Silver Rule Canyon: cpx (49-78%), unidentifiably altered 
grains (17-35%), tremolite (1-16%), hornblende (1-5%), apatite 
(0-1%), biotite (0-1%). 
Railroad Ridge 
tremolite (9-83%), biotite (4-41%), unidentifiably altered 
grains (11-28%), cpx (1-29%), apatite (0-6%), sphene (0-4%), 
hornblende (0-3%), epidote (0-4%). 
Red Ridge 
unidentifiably altered grains (19-37%), biotite (8-60%), 
cpx (0-27%), hornblende (4-24%), apatite (3-5%), tremolite (1-9%), 
epidote (1-3%), muscovite (0-3%), opaques (0-4%), sphene (0-1%), 
garnet (0-1%), zircon (0-1%). 
Based on field reconnaissance, ice modeling techniques, and 
provenance data, the following conclusions are drawn: 
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Big Boulder Canyon System 
Modeled ice margins suggest that a glacier sourced from 
upper Big Boulder Canyon advanced beyond the mouth of Jim Creek 
and flowed into lower Big Boulder Canyon; this lobe terminated 
2.5 km (1.5 mi.) upvalley from the mouth of Big Boulder Creek. 
Ice from Jim Creek Canyon remained within the confines of its 
respective valley and did not merge with the larger Big Boulder 
lobe (Fig. 40). 
Ice margins in the Big Boulder Canyon System are 
modeled from the elevations of cirques, frost shattered 
features, truncated forms, and lateral moraines, such 
that the resulting glaciers satisfy the physical 
requirements of glacial systems and ice dynamics.  Basal 
shear and Accumulation Area Ratios calculated for these 
reconstructed glaciers are presented in Plate 2. This 
pattern of ice deployment is supported by provenance 
data.  Pink quartz monzonite boulders and pebbles, 
which are found only in tills of Big Boulder Canyon, are 
thought to indicate flow sourced from the catchment area 
of that valley (Figs. 22 and 23). The distribution of 
tills containing this lithology suggests that the Big 
Boulder lobe advanced well beyond the mouth of Jim Creek 
Canyon, whereas the Jim Creek lobe remained within its 
respective valley. 
Slate Creek Canyon System 
Based on the field interpretation of moraine patterns, it is 
suggested that a glacier sourced from Slate Creek Canyon advanced 
to the mouth of Silver Rule Greek; tributary glaciers in Silver 
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Rule and Livingston Canyons remained within their respective 
valleys and did not merge with the Slate Creek lobe (Fig. 40), 
The terminal position of the Slate Creek lobe 
is based on the system's most down valley till 
deposit at the mouth of Silver Rule Canyon.  The 
alignment of this deposit with a moraine in Slate 
Creek Canyon suggests that it was emplaced by ice 
sourced from Slate Creek. Terminal positions of 
ice in Silver Rule and Livingston Creek Canyons 
are based on the down valley extent of a moraine 
in Silver Rule Canyon and the down valley extent 
of a moraine in Livingston Creek Canyon. However, 
because this till is thin and patchy and does not 
mark a stillstand position, the possibility of 
advance of the Livingston Creek lobe into Slate 
Creek Canyon is not ruled out (Fig. 12). 
Based on provenance data, an alternative 
hypothesis is presented, whereby ice from Silver 
Rule Canyon advanced to the mouth of Silver Rule 
Creek and abutted with the Slate Creek lobe 
(Hypothesis "B", Fig. 39). Tills in Silver Rule 
Canyon are characterized by the presence of volcanic 
boulders and pebbles and a high cpx-low tremolite 
content.  On the basis of boulder, pebble, and heavy 
mineral count data, the till deposit at the mouth of 
Silver Rule Creek groups both statistically and 
qualitatively with tills of Silver Rule Canyon 
(Figs. 24, 25, 30, 31, 36, and 37).  This suggests 
that this deposit was derived from Silver Rule 
Canyon, and that it does not mark the terminus of 
the Slate Creek lobe. However, because this model 
is based on a limited amount of samples, Hypothesis 
"A" of Figure 39, which is based on a more confident 
interpretation of moraine patterns, is considered a 
more reliable model of ice deployment. Additional 
sampling is needed in order to strengthen Hypothesis 
"B" and resolve the question of ice deployment in 
this system. 
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Big Lake Canyon 
If the tributaries in the headwaters of the Big Lake Creek 
drainage were glaciated, they did not source ice bodies larger 
than small cirque glaciers. 
This conclusion is based on the absence of 
glacial landforms (i.e., moraines, outwash levels) 
and glacially modified features (i.e., oversteepened 
sidewalls, broad valley floors, well developed 
cirques) in the tributaries of the Big Lake Creek 
drainage.  It is suggested that the erratics situated 
on the walls of these tributaries were not deposited 
by valley glaciers, but that they are Railroad Ridge 
Gravels which have slumped into the valleys in 
response to headward stream erosion. 
Little Boulder and East Fork Canyons 
Reconstructed ice margins in Little Boulder Canyon suggest 
that ice sourced from this valley flowed into the East Fork of 
the Salmon River and terminated at the mouth of Big Boulder 
Creek (Fig. 40). 
This model, which utilizes cirque elevations and 
a large lateral moraine in estimating ice margins, is 
based on the same principles as the model of the Big 
Boulder Canyon System.  Basal shear and Accumulation 
Area Ratio calculations for the Little Boulder Canyon 
reconstruction are shown in Plate 3. 
Erratic material situated beyond these reconstructed ice 
margins, near the mouth of Little Boulder Canyon, in East Fork 
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Canyon from Little Boulder Creek to Big Lake Creek, and in the 
lower reaches of Big Lake Creek, exist beyond the limits of valley 
glaciation. 
This material calls for extreme thicknesses of 
valley ice in regions which are distant from possible 
source areas, and which do not possess readily apparent 
evidence of glaciation.  It is suggested that if this 
material is <glacial in origin that it was derived from 
an earlier, pre-canyon glaciation. 
Differentiation of Valley Tills from Railroad Ridge Gravels 
Railroad Ridge Gravels atop both Railroad Ridge and Red Ridge 
possess, in general, a higher biotite content than valley tills 
(Plate 8). 
This may be due not only to different source areas, 
but also to different degrees of weathering in different 
aged deposits. Long term weathering in the older gravels 
may have increased the relative percentages of the more 
stable biotite while more thoroughly weathering out 
unstable minerals such as cpx and tremolite. 
Boulder, pebble, and heavy mineral count data differentiate 
Railroad Ridge Gravels atop Red Ridge from valley tills situated 
at lower elevations in lower Big Boulder Canyon. 
Gravels atop Red Ridge (samples A2, C2, D2, E2, 
^2. G2> H2, and I2) possess lower ratios of meta- 
sedimentary to intrusive boulders and pebbles (Plates 
6 and 7), lower percentages of volcanic boulders and 
pebbles (Plates 6 and 7), and higher percentages of 
biotite (Plate 8) than tills of lower Big Boulder 
Canyon (samples BB4, BB5, BB6, BB9, and BB10). 
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Trends in provenance data observed in Railroad Ridge Gravels 
on Red Ridge and in tills in lower Big Boulder Canyon suggest that 
elevated gravel deposits, situated beyond the reconstructed ice 
margins of Big Boulder and Little Boulder Canyons, but detached 
from the Railroad Ridge Gravels of Red Ridge, are not dissected 
remnants of the Railroad Ridge Gravels. A possible explanation 
concerning the origin of these deposits is that they are derived 
from an earlier glaciation which pre-dates the tills situated 
within reconstructed ice margins and which is unrelated to the 
Railroad Ridge Gravels.  Such a glaciation may be pre-canyon in age. 
The deposits include two morainic gravel deposits 
on the northern and southern rims of lower Big Boulder 
Canyon (samples BB7, <f>,  and BBs), and elevated gravels 
near the mouths of Little Boulder and Big Boulder 
Canyons (samples LBj, LB2, and BBu). Characteristics 
which differentiate these deposits from Railroad Ridge 
Gravels include one or more of the following: a high 
ratio of meta-sedimentary to intrusive boulders and 
pebbles (Plates 6 and 7), the presence of volcanic 
boulders and pebbles (Plates 6 and 7), and a low biotite 
content (Plate 8). The suggestion that the elevated 
deposit on the southern rim of lower Big Boulder Canyon 
(sample BB8) is not associated with the Railroad Ridge 
Gravels contradicts the interpretation based on field 
reconnaissance and calls for additional sampling toward 
a resolution of the origin of this deposit. 
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SUGGESTIONS FOR FUTURE WORK 
Additional sampling of provenance data is needed in those 
areas where hypotheses based on field interpretations disagree 
with hypotheses based on trends in provenance data.  These areas 
include the mouth of Silver Rule Canyon and the region surrounding 
the morainic gravel deposit on the southern rim of lower Big 
Boulder Canyon (deposit'Wof Plate 1). Additional sampling is 
also needed in Little Boulder and East Fork Canyons for the pur- 
pose of determining the provenance of the elevated gravels situated 
well above stream level at the mouth of Little Boulder Canyon. 
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Boulder Count Data From Railroad Ridge Gravels 
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Pebble Count Data From Railroad Ridge Gravels 
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Plate 4. Boulder Provenance Data 
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Plate 5. Pebble Provenance Data 
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